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island endemic species of putatively poor dispersal abilities. Second, we reconstruct Caribbean Tetragnatha 
biogeography in the context of global Tetragnatha (Tetragnathidae) distribution. These results suggest that 
Tetragnatha repeatedly and independently colonized the Caribbean on multiple occasions. We find Tetragnatha 
unique among the arachnids explored so far. Tetragnatha comprises some species that are excellent dispersers, 
and others that are not, perhaps having secondarily lost this dispersal propensity. Tetragnatha thus represent a 
complex combination of attributes of a ‘dynamic disperser’. In the third study, we investigate a biogeographic 
imprint of a more conventional excellent disperser, Trichonephila clavipes (Nephilidae), on the Caribbean. The 
results are consistent with a single species of T. clavipes across the Caribbean that also maintains a lively gene 
flow with North America. However, T. clavipes from Central and South America likely represent one or even two 
cryptic species. Finally, we search for the best predictors of species richness of spider genera among 22 variables 
from their morphological, genetic, geographic, ecological and behavioral landscapes. The results from Random 
forest and Multiple correspondence analysis suggest that small body size and wide geographic ranges best predict 
high species richness. However, the most prominent attribute associated with dispersal in spiders - ballooning, 
holds little predictive power for species richness. By studying and comparing biogeographic patterns of three 
distinct types of dispersers we provide preliminary support for the intermediate dispersal model (IDM) of 
biogeography. IDM predicts that taxonomic ranks with species of intermediate dispersal abilities will be the most 
diverse within the archipelago. However, we note that a priori categorization of dispersal ability is an 
oversimplification. Dispersal ability of taxa is likely a continuous trait, one which is particularly hard to quantify, 
and is highly susceptible to changes under evolutionary pressures. While we uncover the effect of dispersal on 
species richness of Cyrtognatha, Tetragnatha and Trichonephila, we also identify other attributes associated with 
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disperzijskih zmožnosti na vrstno pestrost pri rodovih Cyrtognatha, Tetragnatha in Trichonephila, identificiramo 
še druge lastnosti, povezane z vrstno pestrostjo pri 45 rodovih pajkov in izpostavimo majhno telesno velikost kot 
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One of the most basic features of living beings is dispersal, in the broadest sense defined as 
any movement of individuals. While some organisms are able to disperse throughout their 
lives, others are only motile at a certain life stage, called the dispersive phase. Dispersal is 
an important concept in both ecology and biogeography, and while the underlying process 
is the same in both cases, the scale and application of the concept are different. Here, we 
briefly describe dispersal in both contexts and connect it to the concept of resulting 
metapopulations. We also illustrate dispersal and metapopulation research on spiders.  
 
In the ecological context, dispersal is one of adaptive traits that form every species’ life 
history. Ecological dispersal can be divided into several types using different criteria  
(Matthysen, 2012). The first distinction can be made between movement from the site of 
birth to a breeding site (natal dispersal, normally exhibited by juvenile individuals) and 
movement from one breeding site to another (breeding dispersal, normally exhibited by 
adult individuals). These concepts are often confused with migration, however, these are 
two separate phenomena. Migration refers to the usually seasonal long-distance movement 
of animals (Wilcove and Wikelski, 2008).  
 
Another way to categorize dispersal is by the means of movement (Lomolino et al., 2017). 
In passive dispersal, organisms are adapted to use external forces in the environment to 
disperse (for example wind, sea currents, gravity or other organisms). Consequently, the 
movement itself is largely under no immediate control of the individual. This type of 
dispersal is also known as density-independent dispersal and is present in sessile organisms 
(for example plants, corals, sponges) and small organisms with poor mobility (certain 
invertebrates). Other animals, for example birds and mammals, depend largely on density-
dependent or active dispersal. Here, individuals disperse using their own locomotor 
structures and often perform more or less complex decision, based on environmental and 
social cues (Lomolino et al., 2017). While organisms have a certain level of ‘inbuilt’ 
dispersal propensity, whether an individual actually disperses or not depends on a wide 
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range of environmental conditions such as population density, presence of kin, sex ratio, 
food availability or habitat size (Bowler and Benton, 2005; Matthysen, 2012).  
 
Organisms with active dispersal can sometimes get caught in involuntary passive dispersal. 
For example, birds can be blown far out of their original range during storms, while fishes 
and terrestrial animals aboard land rafts can be displaced across oceans by strong currents 
(Lomolino et al., 2017). If the new habitat such individuals end up in, far away from their 
original range, proves suitable for life, they sometimes successfully colonize it and form 
new viable populations – which brings us to biogeographical dispersal.  
 
Ecological dispersal does generally not change a species’ geographical range. 
Biogeographical dispersal, on the other hand, does. The current distribution of taxa is, in 
the historical sense, the product of dispersal, extinction and vicariance. Dispersal accounts 
for the gradual expansion of a population or species through suitable habitat or, much less 
frequently, stochastic expansion to suitable habitat over unsuitable habitat. In the 
biogeographical context, dispersal is generally classified into two types: diffusion and 
jump dispersal (Lomolino et al., 2017).  
 
Diffusion refers to a slow, gradual expansion of individuals through generations from the 
borders of their range. This process is especially well monitored for species that have been 
introduced to new areas by humans, and then performed so well in their new environments 
that they became invasive. A famous example of this is the introduction of the European 
rabbit (Oryctolagus cuniculus) into Australia in the 18th century. Without natural 
predators, rabbits slowly diffused from a small area in Victoria across the majority of the 
continent (Lomolino et al., 2017). Range expansion by diffusion generally continues until 
it reaches a barrier – physical or ecological. Arguably the most severe barriers are the 
physical ones, because they normally imply a drastic change in environmental conditions. 
For example, animals adapted to constant, warm conditions of lowland tropics do not 
disperse across mountain ranges, because they cannot survive the cold highland climate 
long enough to cross the range (Janzen, 1967). Similar is true for some terrestrial plants, 
with seeds unfit for sea dispersal because of their low physiological tolerance of salt 
(Maggio et al., 2005). Such barriers can therefore enforce strong filtering selection, 
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favouring only a specific set of dispersers – for example those adapted to a wide range of 
environments (Lomolino et al., 2017). In jump dispersal, individuals move relatively far 
away from their original range in a short time. Long-distance dispersal of terrestrial 
organisms across large bodies of water, for example from mainland to remote islands or 
between continents, usually involves wind or sea currents, carrying organisms from one 
landmass to another (Futuyma and Kirkpatrick, 2017). If successful, jump dispersal is 
often followed by rapid speciation, called adaptive radiation, due to the availability of 
diverse unoccupied ecological niches. A classic example of this process are the so-called 
Darwin’s finches in the Galápagos Islands. Another well-studied case of archipelago 
colonization by jump dispersal are the Hawaiian Islands. For example, the spider genus 
Tetragnatha was found to have colonized Hawaii not only once, but on at least two 
occasions, followed by two radiation events (Gillespie et al., 1994). This means that 
spiders from this genus alone got, by chance, blown from the American mainland 3200 km 
across the Pacific, landed on Hawaii and formed a viable population at least twice. 
Mammals are known to have crossed oceans rafting on large patches of vegetation, broken 
away during floods. For example, that is probably how African monkeys dispersed to 
South America in the Oligocene and then diversified into what we now know as New 
World monkeys or platyrrhines (Houle, 1999).  
 
Like every phenotypic trait, dispersal on the individual level has its benefits and its costs. 
The main benefit is allowing individuals to locate habitats that offer better conditions than 
the ones they currently live in, be it because of food scarcity, poor quality mates or 
overcrowding (Bowler and Benton, 2005). In relation to this, organisms often disperse 
their offspring in a way that distributes them across different habitats. This way, at least 
some offspring have greater chances of survival if the environment is heterogeneous or is 
changing, also called ‘bet hedging’ (Matthysen, 2012). The idea that individuals with 
better dispersal abilities are favoured by natural selection (and thus achieve higher fitness) 
in unstable or unpredictable environments was also confirmed experimentally for 
Caenorhabditis elegans (Friedenberg, 2003).  
 
Another factor that promotes dispersal is avoidance of competition with kin. If offspring 
remain in the immediate vicinity of their parents, they have to compete with them and each 
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other for resources (Gandon, 1999; Bowler and Benton, 2005). Dispersing as a mechanism 
of kin competition avoidance is particularly important in plants, immobile in all life stages 
except for the spores or seeds. With dispersal, more seeds have a chance of landing in a 
patch of suitable habitat with less or no competition (Futuyma and Kirkpatrick, 2017). An 
additional benefit of dispersing away from kin is a decreased risk of inbreeding. Mating 
with closely related individuals leads to inbreeding depression – the manifestation of 
(typically maladaptive) recessive traits – and thus a lower fitness (Gandon, 1999; Bowler 
and Benton, 2005).  
 
On the other hand, dispersal can be risky. If dispersal is passive, individuals can by chance 
find themselves in suboptimal or even hostile environments, while active dispersers often 
have to cross such habitats to reach new hospitable spaces. Moving through unfamiliar 
habitat can also induce an increased risk of predation, demonstrated in practice on the case 
of the ruffed grouse (Bonasa umbellus) (Yoder et al., 2004). Next, the means of dispersal 
are sometimes highly energetically consuming and thus exist in a trade-off with other 
traits. For example, Mole and Zera (1993) examine two morphs of a field cricket (Gryllus 
rubens). One morph has fully developed wings and is able to fly, while the other has short 
wings and is flightless. While food consumption and digestion is the same, the flightless 
morph exhibits substantially higher fecundity than the winged one. The authors report that 
differential allocation of nutrients underlies this trade-off between the ability to fly (and 
thus disperse) and fecundity (Mole and Zera, 1993). Lastly, while dispersal away from kin 
has its benefits, it also means that individuals loose the possibility of cooperation with 
relatives (Matthysen, 2012).  
 
A less obvious, but related consequence of dispersal is that it sorts individuals by their 
dispersal ability. Phenotypes that disperse more efficiently or more rapidly (have, for 
example, longer legs or stronger wings) should be, and indeed are, found at the edge of the 
range of an expanding species. For example, in a study of dispersal of the highly invasive 
cane toad (Rhinella marina) in Australia, long-legged individuals are found to be 
disproportionally common in the first wave of colonization, while in older, long-
established populations leg lengths are much shorter (Phillips et al., 2006). This means that 
even in the absence of natural selection, dispersal can induce evolutionary change. Long-
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legged toads take with them not only genes for long legs, but all others, too. This can have 
a profound effect on patterns of geographical variation and local adaptation (Futuyma and 
Kirkpatrick, 2017).  
For a number of reasons, populations with ongoing dispersal often break down into several 
smaller populations that are spatially separated, but still remain in some contact with each 
other. Richard Levins (1969) was the first to describe this population dynamic on the 
model of insects in crop fields, and was the first to call this group of subpopulations a 
metapopulation. A very common reason for the existence of metapopulations is patchy 
distribution of suitable habitat, each patch supporting one subpopulation. These can either 
be source or sink populations – in the first, birth rates exceed death rates and vice-versa in 
the second. Sink subpopulations are especially prone to extinction, although it is not 
impossible for source populations to go extinct too, due to major disturbance events. 
Habitat patches, vacated by newly extinct subpopulations, usually get colonized quickly by 
individuals from nearby patches (Lomolino et al., 2017). In addition, small subpopulations 
can experience immigration from nearby subpopulations, effectively decreasing the risk of 
an inbreeding depression and consequent extinction, called the rescue effect (Brown and 
Kodric-Brown, 1977). Therefore, even though each subpopulation is potentially in danger 
of extinction due to random demographic events, metapopulations on the whole are 
generally stable.  
Spiders disperse both passively and actively and exhibit a wide range of dispersal 
propensity. Various factors have been identified that influence an individuals’ decision to 
change sites. In one of the first studies on the subject of terrestrial invertebrate dispersal, 
Southwood (1962) suggests that the tendency to disperse is negatively correlated with 
habitat stability. Later studies on several species with good dispersal abilities disagree with 
this hypothesis. For example, Richter (1970) looks at eight species of wolf spiders 
(Pardosa spp.) and argues that dispersal capacity is not correlated with habitat stability, but 
habitat abundancy. The author hypothesises that species living in widespread habitats 
disperse on short distances only by walking, whereas species that occupy rare habitats 
invest in aerial dispersal (Richter, 1970). Later, Gillespie and Riechert (1986) list in their 
review several dispersal-inducing factors, related to life history. For spiderlings, dispersal 
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away from their egg sac is associated with developing agonistic behaviour against kin, 
food availability and specific climatic conditions. When spiders mature, their physiologies 
change and other factors induce dispersal, such as an increased need for prey intake for egg 
sac production, interspecific competition for prey and web sites, predator attacks, web 
damage and climatic changes (Gillespie and Riechert, 1986).  
 
While the most basic method of dispersal in spiders is walking, a more interesting, 
widespread and well-studied method is aerial dispersal or ballooning. In ballooning, 
spiders climb to the top of a prominence and stand up on raised legs, abdomen pointing up 
(so-called ‘tiptoe’ behaviour; (Weyman, 1995). They then release a special type of silk 
thread into the wind and wait for the wind to catch it and blow them away. They can stop 
their ‘flight’ by again releasing silk to act as an anchor by sticking to surrounding objects. 
Ballooning is extremely common in very small species (under 1 mg, for example members 
of the Linyphiidae family) and juvenile stages of larger species, in part because adults are 
too heavy to balloon and in part because ballooning often results in death and is thus riskier 
for adult individuals (Weyman, 1995; Schneider et al., 2001; Bell et al., 2005).  
 
The exact mechanism of how ballooning animals become airborne has been a subject of 
debate since the 1800s. Generally, it has been believed that aerodynamic drag alone is 
responsible for it, but scientist later start questioning this thesis, because ballooning is 
often observed at very low wind speeds (Weyman, 1993). Several later studies attempt to 
identify the specific weather conditions (temperature, humidity, brightness, vibrations, 
airflow) that would favour ballooning, however, the findings are inconsistent (Weyman et 
al., 2002). What exactly triggers take-off behaviour in spiders has also been discussed 
continuously in literature. Changes in airflow are proposed as an immediate trigger by 
Weyman et al. (2002), however, Morley and Robert (2018) propose the global atmospheric 
electric circuit and consequent atmospheric potential gradient as the force that stimulates 
ballooning in spiders. Specifically, they find that vertical electric fields induce tiptoe 
behaviour and take-off. They also show that spider mechanoreceptive hairs are activated 
by weak electric fields (Morley and Robert, 2018).  
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Ballooning could thus be regarded as both passive and active dispersal, as its initiation is 
(usually) active, but the distance and direction the spider travels to is determined by the 
speed and direction of the wind and by other weather conditions (Gillespie and Riechert, 
1986; Reynolds et al., 2007). Because these distances can be very large, ballooning is the 
principle mean of spider biogeographic dispersal and island colonization, with examples 
from the Pacific islands (Gillespie, 2002), islands of the western Indian Ocean (Kuntner 
and Agnarsson, 2011) and the Caribbean (Agnarsson et al., 2016).  
Metapopulation studies on spiders are not particularly abundant and the majority of those 
that do exist focus on social species. One such example is a study by Settepani et al. 
(2014), that uses a social spider species, Stegodyphus sarasinorum, to test theoretical 
predictions of metapopulation dynamics. In theory, species with high levels of inbreeding 
and limited gene flow in time diverge into several genetic lineages (subpopulations). On 
the other hand, metapopulation dynamics with sufficiently high extinction and 
colonisations rates deplete and homogenize genetic variation between subpopulations. The 
selected species is highly inbred due to within-nest mating and exhibits frequent extinction 
and colonization events, all of which should deplete genetic variation and limit gene flow. 
The authors indeed find very low nucleotide diversity across the species’ distribution 
range, suggesting the hypothesised variation homogenization can take place over large 
distances (in this case, from Sri Lanka to the Himalayas). They identify three differentiated 
genetic lineages with little or no gene flow between them, but the divergence seems to be 
recent. This all corroborates the hypothesis that this type of metapopulation dynamics 
homogenise genetic diversity species-wide. Such a state of low genetic variability is 
potentially dangerous for (meta) populations in the long run, because of its subsequent 
inability to adapt to changes in the environment. The authors conclude social inbreeding 
may prove an evolutionary ‘dead-end’ in spiders (Settepani et al., 2014).  
1.2 GENETIC MARKERS AND PHYLOGENY 
In the broadest sense, phylogenetics is a study of evolutionary relationships between 
organisms. In the past, these were often speculated about on the basis of organisms’ 
morphological attributes and geographical distribution, but in modern biology, the focus of 
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phylogenetic research shifted to molecular methods. These use the divergence between 
homologous parts of genetic material or proteins of different organisms to infer relatedness 
between them. Molecular methods are sometimes combined with morphological methods 
to establish a reliable hierarchy of evolutionary relationships and present them visually in 
the form of a phylogenetic tree. Molecular phylogeny became possible only relatively 
recently, with the rapid development of reliable, quick and cost-efficient sequencing 
techniques over the past decades and advancements in statistical methodology to process 
the resulting data.  
 
The genetic or protein sequences used for phylogenetic studies are referred to as molecular 
markers. The first experimental use of a molecular marker came with the pioneer study by 
Zuckerkandl et al. (1960), that compares amino acid sequence of haemoglobin in the blood 
of a number of species, ranging from mammals to annelids. They find the degree of 
similarity between the sequences is positively correlated to the species’ evolutionary 
relatedness. In other words, the more related two species are, the smaller the differences in 
their amino acid sequences. They conclude that a constant amino acid substitution rate 
must underlie molecular divergence. Following up on these findings, the authors later 
suggest the concept of a molecular evolutionary clock (Zuckerkandl and Pauling, 1965). 
They propose that biomolecules act like molecular clocks, accumulating changes in their 
sequence at a constant rate through evolutionary time. In order for the changes to persist in 
the genome, they should have no effect on the functional properties of the molecule. These 
are the so-called isogenic or conservative substitutions and can indeed provide a basis for 
dating lineage divergence (Zuckerkandl and Pauling, 1965).  
 
Molecular clocks are characterized by specific properties that should be taken into 
consideration when using them in phylogenetics. First, they are stochastic clocks, meaning 
they do not tick regularly like actual clocks, but at random points in time. Next, the rate at 
which molecular clocks tick is not universal for all biomolecules and differs even between 
regions of the same molecule. Finally, ticking rates for a particular molecule are usually 
similar in closely related taxa, but this cannot be assumed for distantly related ones (Yang, 
2014). Because of this last feature, phylogenetic analyses based on a single marker gene or 
protein sequence can be unreliable and hard to interpret if many, distantly related species 
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are included. This is also true for organisms that show horizontal gene transfer, i.e. the 
passing of genes between unrelated organisms, a process common in bacteria (Patwardhan 
et al., 2014).  
 
The advantages of using molecular, rather than morphological, characters for phylogenetic 
studies are clear: the fossil record is sparse for most organisms and the fossils themselves 
are hard to obtain. Moreover, it is often hard or impossible to tell fossilized organisms 
apart even on the family level. While macromolecules allow complex and much more 
reliable phylogenetic analyses, not all molecules and not all of their segments are suitable 
for such studies. In order to determine which sequences are good predictors of 
phylogenetic relationships, candidate sequences are tested on how well they recover 
already well-established relationships (Graybeal, 1994).  
 
Patwardhan et al. (2014) list several properties that make a genetic marker ideal. First, the 
gene should be single-copy, a condition satisfied by nuclear and mitochondrial genes. 
Next, the sequences should be easy to align, which can prove challenging when comparing 
sequences from distantly related taxa. Third, the substitution rate should not be too high or 
too low. If too many changes accumulate in the sequences, it becomes impossible to tell 
the loci that have not mutated apart from the loci that have mutated, but then reversed back 
to the original state. This means much of the information the marker carries cannot be 
retrieved and subsequent analyses may be skewed. On the other hand, if the rate is too low, 
there is not enough variation between the sequences to distingush recent cladogenetic 
events and are therefore of limited use in phylogeny. Next, in order to amplify the marker, 
appropriate PCR primers should be readily available. They should be specific enough not 
to match non-marker sequences, for example DNA belonging to symbionts or 
contaminants (Patwardhan et al., 2014).  
 
First attempts at molecular phylogeny mostly explored evolutionary relationships between 
distantly related organisms. It is thus unsurprising that highly conservative genetic 
sequences were chosen as molecular markers. Later, as phylogenetics started being applied 
to population studies too, more variable (even hypervariable) marker sequences were 
identified. Markers used today are found throughout the genetic material, contained in the 
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cell – in the nuclei, ribosomes, mitochondria and chloroplasts. Some commonly used 
markers are briefly described below, along with examples of their use in spider studies.  
 
There are few cell components that are common to every cell in every domain of life, and 
ribosomes are one of them. This made them the obvious place to look for the first 
molecular markers, that could be used with any organism. In eukaryotes, ribosomes are 
found in the cytoplasm and in mitochondria. rDNA encoding cytoplasmic ribosomes is 
found in the nucleolus and its markers (e.g. 28S, 18S) are considered a subgroup of nuclear 
markers. On the other hand, rDNA encoding mitochondrial ribosomes is found in the 
mitochondria themselves, so its makers (e.g. 16S, 12S) are considered a subgroup of 
mitochondrial markers. All ribosomes consist of two subunits, made of proteins and 
ribosomal RNA (rRNA), translated from ribosomal DNA (rDNA). rDNA is made up of 
some highly variable and some highly conserved parts, which have proven especially 
useful for comparing distantly related taxa (Fox et al., 1977; Woese et al., 1990; Hillis and 
Dixon, 1991). Note that in literature, ribosomal markers are sometimes referred to using 
the name of the gene (e.g. 28S rDNA) and sometimes using the name of the product of its 
transcription (e.g. 28S rRNA). In spiders, rDNA sequences encoding ribosome subunits 
(28S, 18S, 5.8S etc.) are very often used in combination with mitochondrial markers, 
which is discussed later. Another widely used ribosomal marker called ribosomal internal 
transcribed spacer ITS2 has been used to resolve the genus Anelosimus at the species level 
(Agnarsson, 2010). ITS2 is a region of non-coding DNA that, in eukaryotes, lies between 
the genes for ribosomal subunits 5.8S and 28S. While it proves to be a useful marker in 
spider genera with high inter- and intraspecific variation (Agnarsson, 2010), it is 
insufficiently variable to resolve relationships in Anelosimus. The author notes that while 
spiders usually exhibit low variation within species and between sister species, it is usually 
high between groups at higher taxonomic levels. Because this extreme divergence in 
sequences makes alignment difficult, ITS2 might have only limited use at higher 
taxonomic levels (Agnarsson, 2010).  
 
It is clear that rDNA sequences do not always suffice for resolving evolutionary 
relationships at the species level. Mitochondrial genes became widely used for that purpose 
after Avise et al. (1987) suggested their use in the landmark publication. Mitochondria 
11 
Čandek, K., The role of dispersal in spider speciation, distribution and patterns … of the Caribbean archipelago. 
   Doct. Dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2018 
 
contain small circular chromosomes, made up of coding and large non-coding regions of 
DNA. The latter make good molecular markers because they are under no selection 
pressure (Patwardhan et al., 2014). Mitochondrial DNA (mtDNA) became a popular place 
to search for informative molecular markers for several reasons (Galtier et al., 2009). It is 
easy to amplify, because cells already contain it in several copies. It is normally inherited 
exclusively from the mother and contains both highly conserved regions with low mutation 
rates and some hypervariable ones (HVR1-3) in the non-coding control region. mtDNA is 
believed to evolve almost neutrally (i.e. only via genetic drift or neutral mutations), 
because the process it is involved in, cellular respiration, is so fundamental it is unlikely to 
be under adaptive pressure. Consequently, its rate of evolution is often thought to be clock-
like – neutral mutations accumulate over time, so divergence in mtDNA sequences should 
reflect lineage divergence. However, a review of a number of studies using mitochondrial 
molecular markers revealed they might not be as ideal as they seem. mtDNA is in fact 
affected by recombination, positive selection, inconstant evolutionary rates and even 
inherited symbionts (Hurst and Jiggins, 2005; Galtier et al., 2009). Moreover, mtDNA is 
subject to genetic hitchhiking and linkage disequilibrium, making it less ideal for 
population studies (Galtier et al., 2009). However, mtDNA is likely to remain a popular 
choice among molecular markers because of its practicality. Using mitochondrial markers 
is the cheapest method for obtaining a general idea of the genetic structure of a newly 
discovered species. Furthermore, extensive databases of mtDNA marker sequences for 
large numbers of species already exist and are being added to continuously, making it the 
most convenient marker for quick species comparison.  
 
By far the most frequently used mitochondrial marker is COI, a gene encoding the 
cytochrome c oxidase subunit I of the respiratory complex IV. The gene is found in both 
eukaryotes and prokaryotes. Because it evolves slowly, it is especially useful for resolving 
phylogenies at higher taxonomic levels. While it sometimes efficiently resolves 
relationships at lower levels too, it is more often than not used in combination with other 
markers, like the aforementioned rDNA sequences or other nuclear markers. In spider 
research, the majority of phylogenetic studies use this type of a multilocus approach. For 
example, Satler et al. (2013) use five nuclear markers (28S rRNA, 18S rRNA, EF-1γ 
nDNA, Mid1 nDNA and an anonymous nuclear marker) and COI to explore species 
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boundaries in a genetically fragmented complex of trapdoor spiders (Aliatypus sp.). They 
note it is crucial to include multiple genetic markers in population studies of organisms 
with limited dispersal, because limited dispersal leads to extensive population-level 
structure (Satler et al., 2013). In a more recent example, Gregorič et al. (2015) use only one 
nuclear (28S rRNA) and one mitochondrial (COI) marker to reliably produce the first 
species-level phylogeny of bark spiders (Caerostris sp.) (Gregorič et al., 2015). COI has 
also been proposed as a ‘barcode’ sequence, i.e. a short fragment of DNA with large 
interspecific variation and small intraspecific variation, that could be used for easy 
identification of a DNA sample (Hebert et al., 2003a). It has proven a relatively useful 
barcode in all animal phyla except Cnidaria, where mtDNA divergences are too low 
(Hebert et al., 2003b). Other mitochondrial protein-coding genes were also tested as 
alternative barcodes to COI, but they all show similar species-recovery rates of over 90% 
(Luo et al., 2011). In spiders, species identification using COI as barcode is effective, even 
on intercontinental scales (Čandek and Kuntner, 2015). In plants, on the other hand, COI 
mutation rate is much too low to be used for barcoding, so several chloroplast genes (or, 
indeed the whole chloroplast genome) have been suggested instead (Li et al., 2015).  
 
To sum up, the choice of molecular markers in practice mainly depends on the relatedness 
between the entities studied. When taxa belong to distantly related species, slowly evolving 
genes are used, while rapidly mutating sequences are preferred for more closely related 
species. Once a marker is selected, genetic material is extracted from each studied 
organism. Then, only the marker sequence is amplified using the polymerase chain 
reaction (PCR). This technique uses specific oligonucleotides, called primers, to produce 
thousands or millions of copies of a specific DNA sequence. For the majority of frequently 
used markers, primers are already established and accessible on the market. If a study 
requires specific primers that are not easily accessible, they can also be designed.  
 
PCR-amplified marker sequences are then sequenced and aligned. Alignment is a very 
important step in this process, because the homologous and divergent regions between 
sequences serve as a base for the reconstruction of evolutionary relationships between 
organisms. Next, an appropriate substitution model needs to be selected. Nucleotides at 
different loci, or even in a different position within a nucleotide triplet (codon), have a 
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varying probability of mutating and each nucleotide is not equally likely to mutate into any 
of the three other nucleotides. If, for example, two aligned sequences have adenosine at a 
certain locus, this can suggest that that locus did not mutate or that is has been replaced 
(substituted) by another nucleotide, for example thymine, but later reverted back to 
adenosine. Because such hidden events mask the true evolutionary distance between 
organisms, this effect, called homoplasy, is corrected for by including substitution models 
into subsequent calculations. Many substitution models exist and there are programmes 
available that determine which one of them explains the substitutions in our alignments the 
best.  
 
Aligned sequences and appropriate substitution models are then used to calculate 
evolutionary relationships between the species. Even when the number of taxa is as low as 
ten, there are millions of possible combinations in which they could be related. That is why 
over time, scientists have developed several methods to determine the optimal tree 
configuration, each using a different approach. The most well-known and widely used are 
parsimony, maximum likelihood and Bayesian analysis. Whichever method we use, the 
result is a phylogenetic hypothesis portrayed as a phylogenetic tree. It is a diagram of 
evolutionary relationships, or, more frequently, a diagram of the most probable 
evolutionary relationships between taxa. It can be rooted, meaning that it is directed and 
has a unique node, called the root, which serves as the origin for all taxa in the tree – in 
other words, it is their most recent common ancestor. On the other hand, a tree can be 
without a root, meaning it does not imply hierarchy. To root an unrooted tree, we add an 
outgroup(s) – a taxon that does not belong to the group we are studying (ingroup). The first 
node (the root) will be a bifurcating split between the outgroup and the ingroup. We can 
present a tree in different ways. The most basic is a cladogram, showing only the topology 
of tree, without conveying any information regarding node ages or the amount of character 
change along branches. The next is a phylogram, where the amount of character change is 
represented with branch lengths. If branch lengths are proportional to evolutionary time, 
rather than character change, it is a chronogram. Constructed phylogenetic trees are then 
assessed for accuracy using one of several methods. Bootstrapping and posterior 
probability are the most common ones and produce estimates of support for each node. If 
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nodes are supported with more than 90 %, the tree can be assumed accurate (Patwardhan et 
al., 2014). 
 
1.3 ISLAND BIOGEOGRAPHY 
 
Biogeography addresses questions about geographic distributions of lineages and global 
biodiversity patterns through geological time (Wiens and Donoghue, 2004). It focuses on 
recognizing patterns of organismal distribution (descriptive research) and looks for causal 
explanations of such patterns (interpretative studies) (Posadas et al., 2006). Biogeography 
is an integrative scientific discipline that in theory combines the concepts from 
evolutionary biology, ecology, geology and geography. However, phylogenetic and 
ecological approaches to biogeography differ. During the last two centuries, historical 
biogeography and ecological biogeography have emerged as two distinct scientific 
subfields (Posadas et al., 2006). The main differences between these two subfields are the 
time scale they operate on and the concepts they use in the attempt to explain the 
distribution of taxa in the geographic space. On the one hand, ecological biogeography 
investigates patterns of distribution on short time-scale and is concerned with how 
organisms and ecosystems interact with environment and respond to environmental 
constrains. On the other hand, historical biogeography often reaches millions of years into 
the past and focuses on the effects of past geological, geographical and biological events 
on taxonomic groups (Crisci, 2001; Posadas et al., 2006). In the thesis, we use the 
phylogenetic, thus historical, approach to biogeography. We use molecular, geographic and 
chronological data, to reconstruct biogeographic histories of selected taxonomic groups 
from the Caribbean island system (Fig. 1), and investigate the relationships among species 
richness, species distribution and dispersal abilities of these groups.  
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Figure 1: The map of the Caribbean. The Caribbean archipelago, also known as West Indies, lies in the 
tropical zone between South and North American continents, and to the east of the Gulf of Mexico. It 
comprises large islands of the Greater Antilles (Cuba, Jamaica, Hispaniola and Puerto Rico), numerous small 
islands of the Lesser Antilles and the Lucayan platform archipelago (the Bahamas). 
Slika 1: Zemljevid Karibov. Karibsko otočje leži v tropskem pasu med severno in južno Ameriko ter 
vzhodno od Mehiškega zaliva. Karibe sestavljajo otoki Velikih Antilov (Kuba, Jamajka, Hispaniola in 
Portoriko), številni otoki Malih Antilov ter Bahami. 
 
Biogeography is most prominently studied on the world’s archipelagos. The importance of 
island systems for evolutionary and biogeographic research has already been noticed by 
Darwin on his voyages in the 19th century (Darwin, 1859). Many islands are biodiversity 
“hotspots”, areas that contribute a disproportionate number of unique species to the global 
biodiversity with respect to their relatively small size (Myers et al., 2000; Mittermeier et 
al., 2011). While the total number of species (per unit area) on islands is usually lower than 
on the mainland, the number of endemic species is much higher (Whittaker and Fernández-
Palacios, 2007). Broadly, island endemics are classified into two groups. Taxa that 
formerly had a more extensive, continental distribution, but failed to persist on that broad 
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area, constitute paleoendemics. Therefore, paleoendemics do not necessarily evolve in situ. 
Island neoendemics, however, are usually linked with a more recent, in situ speciation. To 
identify how endemism and patterns of species richness on islands form, we rely on 
phylogenies. Island lineages can develop through anagenesis, a process without branching 
on a phylogenetic tree and with extinction of the progenitor species. If a lineage undergoes 
cladogenesis, the branching on a tree should be seen and the progenitor species goes 
extinct. The well-documented adaptive radiations, common on islands, are good examples 
of cladogenetic processes. Finally, a lineage can develop through anacladogenesis where 
the progenitor lineage survives next to its derived species (with branching) (Whittaker and 
Fernández-Palacios, 2007). 
 
In the pursuit of understanding species distribution patterns and biodiversity on islands, 
two opposing camps of “island biogeographers” have formed over the decades. On the one 
hand, the “dispersalists camp” sees derived island species as the products of chance and 
long-distance dispersal across pre-existing barriers. On the other hand, the biogeographers 
who emphasize vicariance envisage species ranges being split up by physical barriers, 
often followed by speciation in the now separate populations (Whittaker and Fernández-
Palacios, 2007). Even though both, dispersal and vicariance concepts, can operate within 
the same island system or even within a lineage (Poulakakis et al., 2012; Lo et al., 2014) 
the opposing “camps” have produced numerous one sided interpretations of biogeographic 
histories despite the calls for integration of both concepts (Heaney, 2000; Lomolino, 2000; 
Wiens and Donoghue, 2004; Heaney, 2007). The long-distance dispersal and vicariance are 
tightly linked with the origin of an island. Islands can form in two fundamentally different 
ways. The so called “darwinian” islands (Gillespie and Roderick, 2002) form de novo, by 
either volcanic activity or orogenic uplift, and are at the time of emergence uninhabited by 
land organisms. Alternatively, the once contiguous land areas can be broken up by the 
formation of barriers for example through plate tectonics or rising sea levels. These, the so 
called “wallacean” or “fragment” islands (Gillespie and Roderick, 2002; Agnarsson and 
Kuntner, 2012) have a full complement of species when they first become proper islands 
(Whittaker and Fernández-Palacios, 2007).  
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Oceanic “darwinian” islands, formed de novo, have empty ecological niches and provide 
an opportunity for an immigrating species to establish a viable population. Such 
populations can undergo unique and rapid speciation based on the founder principle (Mayr, 
1942; Provine, 2004). A founder principle/event starts with a founder population whose 
size is much smaller compared with the source population. Moreover, a founder population 
contains only a subset of the genetic variability of the source population (genetic 
bottleneck effect). This genetic impoverishment, combined with limited gene flow between 
populations, results in genetic biases in the island population on which selection pressures 
and other evolutionary processes operate. Given the right environmental and ecological 
conditions, rapid adaptive radiations may take place, examples being Darwin’s finches on 
Galapagos (Sato et al., 1999; Grant and Grant, 2002), Tetragnatha spiders on Hawaii 
(Gillespie et al., 1994), or Caribbean anole lizards (Losos et al., 2006). 
 
On the other hand, “fragment” or “wallacean” islands are almost the complete opposite to 
“darwinian” islands. On these islands, the ecological niches are initially occupied due to a 
prior connection with the mainland. However, the initial number of species on a 
“wallacean” island will decrease following fragmentation due to area size reduction and 
the process called community relaxation (Gonzalez, 2000). Moreover, prolonged isolation 
of such islands will result in vicariant speciation and formation of paleoendemic species or 
even endemic genera (Gillespie and Roderick, 2002). Two well documented, model 
“fragment” islands are Madagascar and New Zealand (Gillespie and Roderick, 2002).  
 
Many island systems comprise both, “darwinian” and “wallacean” islands, and their 
species composition can be affected by both, vicariant and dispersal processes (Heaney, 
2007). Over the years, researchers have tried to fit the observed biogeographic patterns on 
islands to different models. One of the first such models of island biogeography is the 
equilibrium theory of island biogeography (ETIB) by MacArthur and Wilson (1963). ETIB 
model assumes that island species are in a dynamic equilibrium, determined by the 
interplay between immigration, extinction, island size and island distance from the source 
populations. Generally, as the number of species present on an island increases, the 
immigration rate decreases and the extinction rate increases. Similarly, species immigrate 
to larger island at a higher rate and have lower extinction rates compared to smaller 
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islands. Moreover, the influx of new species is higher on islands closer to mainland 
(source) than on distant islands, thus the equilibrium number of species present will be 
greater on less remote islands. Although MacArthur - Wilson (1963) theory has had a 
major impact on biogeography and ecology, many lineages do not fit their model. 
Therefore, multiple other models and modifications of ETIB emerged (reviewed in Case 
and Cody (1987); Lomolino (2000); Heaney (2007)). Finding an appropriate biogeographic 
model for a given dataset can be challenging. Modern biogeography seeks to reconstruct 
time frames of biological events such as colonization, migration, diversification and 
extinction of a lineage as well as island geologic history and events that might have had a 
major impact on the area of focus (e.g. bolide impact, volcano eruption, rising sea levels) 
(Case and Cody, 1987). Moreover, historical climate data, environmental constraints and 
biological interactions would greatly improve the accuracy of such models and help to 
bridge the gap between historical and ecological biogeography (Crisci et al., 2006; Posadas 
et al., 2006). 
 
Finally, (Heaney, 2007) pointed out six assertions based on recent studies. Each assertion 
is an important component of an optimized, generalized model of island biogeography that 
is likely to emerge in the near future. Bellow we present those six points and complement 
the list by adding another assertion (no. 7).  
 
1. Dispersal over oceanic water barriers by terrestrial organisms is common over 
geological time. This does not discount the vicariance but rather implies that both 
processes can contribute to the patterns observed on islands.  
2. Within any given set of neighboring islands, the amount of gene flow between 
island populations varies markedly. It is common in some species and absent in 
others, even when the organisms seem superficially similar. 
3. Diversification within a lineage on a set of oceanic islands is frequent, often leading 
to high species richness and endemism in archipelagoes. 
4. Geologically younger islands often have younger species than nearby, geologically 
older islands – “the progression rule”. 
5. Species on oceanic islands often persist for very long time. Persistence typifies 
island biotas as much as extinction. 
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6. It is unusual, but not rare, for island lineages to colonize continents, the so called 
reverse colonization. 
7. Taxa with intermediate dispersal abilities tend to be species richest within 
archipelagos – “the Intermediate Dispersal Model of biogeography” (IDM; 
discussed later in chapters 1, 2 and 3 of the thesis) 
 
1.4 THESIS AIMS AND OUTLINE 
 
The three topics we present in the introduction - dispersal, phylogeny and biogeography 
are the central themes of this thesis. We specify a set of goals that we pursue through 
research focused on a rich assortment of originally collected spiders from the Caribbean. 
Broadly, we aim to determine molecular operational taxonomic units (MOTUs) based on 
the COI marker and reconstruct population as well as species level phylogenies for 
selected genera of spiders from Tetragnathidae family, distributed on the Caribbean. We 
intend to combine phylogenetic information with geographic and geologic data to perform 
biogeographic analyses. Moreover, through biogeography we aim to describe relationships 
among dispersal abilities, species richness and species distribution as well as test which 
biogeographic scenario (vicariance versus long-distance dispersal) is accountable for local 
speciation. Our next aim is to perform large-scale analyses on a diverse set of spider 
genera. We plan to include multiple attributes, covering morphology, geography, genetics 
and behavioral-ecology, into the analysis and identify which of them can best 
explain/predict species richness of spider genera.  
 
To achieve the above goals we organize the thesis into four standalone chapters. In 
chapters 1, 2 and 3, we investigate the relationships among species richness, species 
distributions and biogeographic histories, and how they might be affected by dispersal. To 
achieve that, we select three spider genera whose species exhibit putatively different 
dispersal potential (poor, intermediate and excellent). In the first and second chapter, we 
focus on Cyrtognatha and Tetragnatha respectively, both from the family Tetragnathidae. 
In the third chapter, however, we investigate Trichonephila (Nephilidae) as Tetragnathidae 
does not seem to contain a “conventional” excellent disperser. We then use mitochondrial 
(COI) and nuclear (28S) molecular data to reconstruct phylogenies and biogeographic 
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patterns of those genera, focusing on their distribution on the Caribbean archipelago. 
Islands pose as great arenas to test hypotheses pertaining to dispersal and biogeography, 
therefore we interpret the reconstructed patterns in the light of the intermediate dispersal 
model of island biogeography (IDM). In the fourth chapter, we focus on the variations in 
species richness among spider genera. We use Random forest (RF) and Multiple 
correspondence analysis (MCA) to identify which attributes, from their morphological, 
geographic, genetic and behavioral-ecology landscapes, are most associated with, or might 
even be used to predict, species richness of a spider genus. The above general set of goals 
and thesis outline are complemented by a more detailed description of goals and research 
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2 LITERATURE REVIEW 
 
2.1 CHAPTER 1: BIOGEOGRAPHY OF THE CARIBBEAN CYRTOGNATHA SPIDERS 
 
Island biogeography is concerned with colonization and diversification of organisms on 
islands, including empirical tests of evolutionary hypotheses pertaining to gene flow in 
dispersal-limited organisms (Henderson and Whittaker, 2003; Losos and Ricklefs, 2009). 
Islands are geographically widespread and diverse, and vary in shapes and sizes, age and 
geologic origins, and show different degrees of isolation (Weigelt et al., 2013). Darwin 
already recognized that this combination of attributes makes islands appealing objects of 
scientific study (Darwin, 1859). Modern biogeography recognizes the interplay among 
island histories, the specifics of their geography, and various attributes of organisms that 
inhabit them (Warren et al., 2015).  
 
Amongst island systems some of the best studied in terms of biogeographic research are 
Hawaii (O’Grady and DeSalle, 2008; Ricklefs, 2017; Kennedy et al., 2018), Galapagos 
(Edgar et al., 2004; Fournié et al., 2015; Carvajal-Endara et al., 2017), Azores (Ávila et al., 
2009; Schaefer et al., 2011; Fattorini et al., 2016), Canary (Planas and Ribera, 2015; 
Steinbauer et al., 2016; Tomé et al., 2018) and Solomon (Pikacha et al., 2017; Weeks et al., 
2017; Oliver et al., 2018) islands, as well as large continental fragments such as 
Madagascar (Agnarsson et al., 2015; Bacon et al., 2016; Lei et al., 2017) and New Zealand 
(Craw et al., 2016; Opell et al., 2016; McCulloch et al., 2017). However, the Caribbean 
island system (Ricklefs and Bermingham, 2008; Agnarsson et al., 2016; Reynolds et al., 
2017; Tucker et al., 2017) is the single most ’published’ island system in biogeography 
literature (Google Scholar title hits 237 compared with 195 for the second, New Zealand). 
The Caribbean Basin, also known as West Indies, lies in the tropical zone between South 
and North American continents, and to the east of the Gulf of Mexico. Combining over 
700 islands, the Caribbean is considered among the world’s biodiversity hotspots (Myers et 
al., 2000; Mittermeier et al., 2011; Bowen et al., 2013). In its most broad categorization, 
the Caribbean comprises three regions: (1) Greater Antilles with the largest islands of 
Cuba, Hispaniola (Dominican Republic and Haiti), Puerto Rico and Jamaica representing 
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90 % of all land in Caribbean Sea; (2) Lesser Antilles with numerous smaller, mostly 
volcanic, islands and (3) the Lucayan platform archipelago (the Bahamas). 
 
The Greater Antillean islands of Cuba, Hispaniola, and Puerto Rico, but not Jamaica, are 
parts of the old proto-Antillean arc that began its formation over 130 million years ago 
(MYA). Through Caribbean plate tectonics, the proto-Antillean arc drifted eastward until 
settling at its current location around 58 MYA (Pindell et al., 2012; Lomolino et al., 2017). 
Researchers disagree on the timing of the proto-Antillean arc connection with South or 
North America in the Cretaceous or even on the existence of such a connection. However, 
that distant past may have had little biological relevance for current biotas due to a 
catastrophic effect of the bolide that crashed into Yucatan around 65 MYA which 
arthropods would likely not have survived (Hedges et al., 1992; Iturralde-Vinent and 
MacPhee, 1999; Penney and Selden, 2007). The emergence of the Greater Antilles as 
relevant biogeographic units is therefore more recent. Various studies estimate that earliest 
contiguous permanent dry land on the Greater Antilles has existed since the middle 
Eocene, approximately 40 MYA (MacPhee and Iturralde-Vinent, 1994; MacPhee and 
Grimaldi, 1996; Iturralde-Vinent and MacPhee, 1999; Graham, 2003; Iturralde-Vinent, 
2006).  
 
Although it may be possible that the Greater Antilles have remained isolated from 
continental landmasses since the early Cenozoic, a hypothesized land bridge potentially 
existed around 35-33 MYA (Iturralde-Vinent and MacPhee, 1999; Ali, 2012). This land 
bridge, known as GAARlandia (Greater Antilles – Aves Ridge), is hypothesized to have 
connected the Greater Antilles with the South American continent for about 2 million 
years, due to a sea level drop and subsequent exposure of land at Aves Ridge. As a means 
of biotic evolution on the Greater Antilles, the GAARlandia hypothesis allows for a 
combination of overland dispersal and subsequent vicariance and can be tested with the 
help of time calibrated phylogenies and fossils. While patterns of relationships that are 
consistent with predictions based on GAARlandia have been found in some lineages 
(Alonso et al., 2012; Říčan et al., 2013; Dziki et al., 2015; Weaver et al., 2016; Agnarsson 
et al., 2018) it is not a good model for explaining the biogeographical history of others 
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Among the islands forming the Greater Antilles, Jamaica is a geological special case since 
it was originally a part of the Central American tectonic plate. Jamaica emerged as an 
island around 40 MYA but remained partially or fully submerged until its reemergence in 
mid Miocene around 15 MYA (Morgan, 1993; Ricklefs and Bermingham, 2008; Pindell et 
al., 2009; Boschman et al., 2014), and was never part of the hypothetical GAARlandia 
landbridge. Consequently, Jamaica’s biota is distinct from other regions of Greater Antilles 
(Buskirk, 1985). 
 
The Lesser Antilles formed more recently. Northward of Guadalupe they split into two 
arches of distinct origins. The older, outer arc formed volcanically in Eocene-Oligocene, 
but its islands are largely composed of limestone signifying that they were submerged and 
have undergone orogenic uplift since the Miocene. The Lesser Antilles’ inner arc is of 
more recent volcanic origin (< 10 MYA) and its islands continue to be formed (Nagle et 
al., 1976; Ricklefs and Lovette, 1999; Peck, 2011; Munch et al., 2013; Garmon et al., 
2017). With no history of continental connection, most of the Lesser Antilles have been 
completely isolated for at least a few million years, and thus their biotas must have 
originated via overwater dispersal (Hedges, 1996; Ricklefs and Bermingham, 2008; 
Surget-Groba and Thorpe, 2013). 
 
Spiders and other arachnids are emerging as model organisms for researching 
biogeography of the Caribbean (Crews et al., 2010; Dziki et al., 2015; Esposito et al., 
2015; Agnarsson et al., 2016, 2018; Cosgrove et al., 2016). Spiders are globally distributed 
and hyperdiverse (~47,000 described of roughly 100,000 estimated species (Agnarsson et 
al., 2013; WSC https://wsc.nmbe.ch/) organisms that vary greatly in size, morphology and 
behavior, habitat specificity, and importantly, in their dispersal biology (Bell et al., 2005; 
Lee et al., 2015; Wu et al., 2017). While some spiders show good active dispersal (Lafage 
et al., 2015), others are limited in their cursorial activities but exhibit varying passive 
dispersal potential. Many species are able to passively drift on air currents with behavior 
called ballooning (Bell et al., 2005; Reynolds et al., 2007) to colonize new areas. Some 
genera of spiders, like Tetragnatha or Nephila are known to easily cross geographic 
barriers, disperse large distances, and are one of the first colonizers of newly formed 
islands (Szymkowiak et al., 2007; Kuntner and Agnarsson, 2011; Edwards and Thornton, 
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2016). These are considered to be excellent aerial dispersers, while other lineages are not 
as successful. For example, the primitively segmented spiders, family Liphistiidae and the 
mygalomorph trapdoor spiders, likely do not balloon and have highly sedentary lifestyle 
imposing strict limits on their dispersal potential. As a consequence, bodies of sea water or 
even rivers represent barriers that limit their gene flow, which leads to micro-allopatric 
speciation (Bond et al., 2001, 2006; Hedin et al., 2013; Xu, Liu, Chen, Ono, et al., 2015; 
Xu, Liu, Cheng, et al., 2015; Xu et al., 2016). Unlike the above clear-cut examples, the 
dispersal biology of most spider lineages is unknown, and their biogeographic patterns 
poorly understood. 
 
This research focuses on the tetragnathid spider genus Cyrtognatha and its biogeography in 
the Caribbean. Cyrtognatha is distributed from Argentina to southern Mexico and the 
Caribbean (World Spider Catalog (WSC) https://wsc.nmbe.ch/; Global Biodiversity 
Information Facility (GBIF) https://www.gbif.org/). A recent revision recognized 21 
species of Cyrtognatha but cautioned that only a fraction of its diversity is known 
(Dimitrov and Hormiga, 2009). Its biology is poorly understood as these spiders are rarely 
collected and studied (a single Google scholar title hit vs 187 title hits for Tetragnatha). 
Considering their phylogenetic proximity to Tetragnatha, as well as its described web 
architecture, it seems likely that Cyrtognatha species disperse by ballooning (Alvarez-
Padilla et al., 2009; Dimitrov et al., 2012; Wheeler et al., 2017). Through an intensive 
inventory of Caribbean arachnids, we obtained a rich original sample of Cyrtognatha that 
allows for the first reconstruction of their biogeographic history in the Caribbean. We use 
molecular phylogenies to reconstruct Cyrtognatha evolutionary history with particular 
reference to the Caribbean, and compare estimates of clade ages with geological history of 
the islands. We use this combined evidence to test the vicariant versus dispersal 
explanations of Caribbean colonization, and to look for a broad agreement of Cyrtognatha 
biogeographic patterns with the GAARlandia landbridge hypothesis. We also greatly 
expand our understanding of Cyrtognatha diversity in the Caribbean region.  
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2.2 CHAPTER 2: GLOBAL BIOGEOGRAPHY OF TETRAGNATHA SPIDERS 
REVEALS MULTIPLE COLONIZATION OF THE CARIBBEAN 
Species distributions and species richness can vastly vary among taxonomic units of 
comparable ranks. Evolutionary biology has long been trying to understand which factors 
contribute to such variation (Kozak and Wiens, 2016a, 2016b). On one hand, abiotic 
factors such as habitable area size, climate conditions or the presence of barriers may 
contribute to this variation (Rabosky and Hurlbert, 2015; Schluter and Pennell, 2017). On 
the other hand, biological attributes such as species generation time (Rajakaruna and 
Lewis, 2018), clade age (Marin and Hedges, 2016) and species dispersal ability (Lenoir et 
al., 2012; Borda-de-Água et al., 2017) may be equally important. Dispersal ability, in 
particular, has the potential to directly affect levels of gene flow amongst populations and 
species’ potential to reach new habitats.  
A low dispersal potential can limit colonization success and gene flow amongst 
populations, while high dispersal potential enables colonization of remote areas and 
maintains higher levels of gene flow. In theory, both of these extreme cases (low and high 
dispersal) constrain the number of speciation events (Claramunt et al., 2012; Agnarsson et 
al., 2014). The intermediate dispersal model (Claramunt et al., 2012; Agnarsson et al., 
2014) predicts that in island systems, the species diversity of those lineages with an 
intermediate dispersal potential is the highest.  
Taxa that contain species with poor dispersal abilities are associated with high levels of 
endemism, which is often associated with biogeographic patterns of multiple single island 
endemics across archipelagos (Opatova and Arnedo, 2014; Pitta et al., 2014). On the other 
hand, taxa that contain species with excellent dispersal potential are usually widely, 
sometimes globally, distributed (Kuntner and Agnarsson, 2011; Essl et al., 2013). Studying 
and understanding biogeography of species and higher taxonomic ranks on local as well as 
on global scales could provide insights to a clade’s intrinsic propensities to disperse. Island 
systems have long been a model for such biogeographic research on a local scale (Darwin, 
1859; Warren et al., 2015). Islands are discrete units with different degrees of barriers to 
gene flow for terrestrial organisms leading to different degrees of adaptation and 
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diversification (Ricklefs and Bermingham, 2008; Reynolds et al., 2016). Extreme forms of 
morphological adaptations or even secondary loss of dispersal abilities in putatively good 
dispersers are not unusual in island systems (Gillespie et al., 1997; Frankham, 2008; Meiri, 
2017). While some species undergo rapid local adaptation and diversification, others 
readily disperse among islands and form a wide distribution across many islands of the 
archipelago and possibly beyond. However, these widely distributed species, are 
sometimes found to be species complexes rather than a single species (Tomioka et al., 
2016; Cornils et al., 2017). Therefore, a close examination of the biogeographic pattern 
and population structure of such taxa can help with the discovery of new or cryptic species.  
 
Spiders are becoming popular in biogeographic research (Agnarsson et al., 2016, 2018; 
Chamberland et al., 2018; Cotoras et al., 2018; Gillespie et al., 2018), and are particularly 
suitable as models due to the breath of their taxonomic, genetic, evolutionary, and 
biological diversity. Spiders represent an ancient lineage that today comprises over 47,000 
described, and likely many more, species from 117 families (WSC https://wsc.nmbe.ch/) 
inhabiting most terrestrial ecosystems. Interestingly, various taxonomic groups of 
comparable ranks within spiders exhibit highly variable dispersal abilities, degrees of 
endemism, species richness and species distribution (Foelix, 2011).  
 
Our study focuses on ‘four-jawed spiders’ (genus Tetragnatha, family Tetragnathidae), 
with special emphasis on the Caribbean archipelago. This diverse genus currently includes 
349 described species (WSC, https://wsc.nmbe.ch/) and has been extensively used in 
biogeographic research, notably in Hawaii and other Pacific archipelagos (Gillespie, 2003, 
2005; Casquet et al., 2015; Cotoras et al., 2017). While some species are single island 
endemics, others show extremely wide, even cosmopolitan distributions e.g. T. nitens 
(WSC, https://wsc.nmbe.ch/). Tetragnatha is generally considered to have an extraordinary 
dispersal potential and is able to quickly reach even the most remote, newly formed islands 
(Cotoras et al., 2017). This assumption, reinforced by a study of Okuma, C. and Kisimoto, 
R. (1981), found that 96 % of the aerial plankton collected 400 km off the Chinese shore 
were Tetragnatha spiders, passively dispersing with behavior called ballooning (Bell et al., 
2005; Foelix, 2011).  
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We studied a rich original collection of Tetragnatha from the Caribbean archipelago. With 
species delimitation method we estimate to have 25 putative species in our original dataset. 
We then reconstruct the evolutionary history of four-jawed spiders of the Caribbean using 
a mitochondrial COI gene and a nuclear 28S gene fragment. We place the Caribbean 
phylogeny into a global context by adding a single sequence for every available published 
Tetragnatha species on GenBank, increasing the number of putative species in Bayesian 
analysis to 54. Moreover, we estimate the number of, the timing, and the directionality of 
all Caribbean colonization events by Tetragnatha, then look for potential agreement with 
common biogeographic scenarios on the Caribbean e.g. colonization by overwater 
dispersal or vicariant origins (Hedges, 2006) or a combined scenario, GAARlandia 
(Iturralde-Vinent and MacPhee, 1999; Ali, 2012). We contrast the biogeography of 
Tetragnatha with those of other spider lineages on the Caribbean, including a close relative 
Cyrtognatha, and broadly estimate dispersal abilities of Tetragnatha in the context of 
intermediate dispersal model (IDM). Finally, we examine a population structure of a well-
represented “species” from the Caribbean by reconstructing its haplotype network and 
explore the potential of multiple cryptic species, rather than a single widely distributed 
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2.3 CHAPTER 3: CARIBBEAN GOLDEN ORBWEAVING SPIDERS MAINTAIN 
GENE FLOW WITH NORTH AMERICA 
 
Among the archipelagos, the Caribbean offers one of the best researched natural arenas for 
addressing biogeographic hypotheses (Ricklefs and Bermingham, 2008). Caribbean islands 
are numerous and are of sufficiently varied ages and sizes in order to pose interesting 
questions on organisms that inhabit them, on their biogeographic histories, and biologies 
that pertain to their past and present distributions. An emerging issue that is relevant to 
organismal biology, lineage diversification, as well as biogeographic histories and patterns, 
is the question of whether variation in organismal dispersal propensity can predict species 
richness of lineages (Laube et al., 2013; Borda-de-Água et al., 2017). The Caribbean is an 
ideal archipelago to pose these questions. 
 
The recently reformulated Intermediate Dispersal Model of biogeography (hereforth IDM) 
(Claramunt et al., 2012; Agnarsson et al., 2014) posits that differences among comparable 
lineages in dispersal potential over long distances affects their levels of gene flow over 
discrete units, such as islands, and that this variation is reflected in species richness 
patterns among these lineages. For example, if lineages contain poor dispersers, these 
organisms rarely colonize remote islands, leading to overall low species richness. 
Conversely, those lineages that are biologically capable of long distance travel may 
maintain such a lively gene flow among islands, or between island and continent, as to 
severely restrict speciation. Finally, those organisms with intermediate dispersal potential 
get to be carried to remote island rarely enough so that their founding populations may 
start to speciate, a hypothetical scenario that may result in the highest species richness. 
What this model implies is that biological attributes that define higher taxa, say genera, 
may link to the overall potential how these organisms disperse, and therefore affect their 
species richness, and biogeography.  
 
The IDM, therefore, predicts species variation in richness among lineages to be a 
consequence of varying dispersal potential. However, in order to test the general validity of 
the model, one needs to identify appropriate test lineages. Ideally, these would be co-
distributed in an archipelago, be of comparable taxonomic ranks, and furthermore exhibit a 
29 
Čandek, K., The role of dispersal in spider speciation, distribution and patterns … of the Caribbean archipelago. 
   Doct. Dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2018 
measurable variation in phenotypes that pertain to dispersal. This has rarely been done, as 
studies testing the IDM have mainly focused on either only excellent dispersers (Claramunt 
et al., 2012) or solely poor dispersers (Pabijan et al., 2012), on lab reared organisms 
(Venail et al., 2008), or they included multiple lineages of incomparable taxonomic ranks 
(Agnarsson et al., 2014). In this vein, our prior work has compared a tetragnathid spider 
lineage with a hypothetical low dispersal potential (Cyrtognatha) (Čandek, et al., 2018a) 
with its close relative (Tetragnatha) (Čandek, et al., 2018b) over the Caribbean and the 
mainland. We found Tetragnatha to be extremely species rich in the Caribbean and 
attributed this richness to a biology that has elements of excellent dispersal, mixed with 
with repeated secondary loss of dispersal ability, all this resulting in a mixed pattern of 
cosmopolitan, as well as narrowly endemic lineages. In comparison, Cyrtognatha was 
relatively species poor, with exclusively single island endemic species. We here explore 
another lineage which we a priori expect to show excellent dispersal ability, that is co-
distributed over the Caribbean. 
Our present study thus focuses on the nephilid genus Trichonephila Dahl in the Caribbean. 
Trichonephila is a global genus of golden orbweavers (Nephilidae) that contains species 
known to readily cross long, overwater distances (Kuntner et al., 2018). Only two species 
are known in the New World, with T. clavipes distributed widely from North to South 
America (Kuntner, 2017). We aim to test this single species status in Americas through a 
Caribbean transect, and with numerous terminals from other parts of the New World. We 
predict that in accordance with the IDM, Trichonephila will be species poor compared with 
the above tetragnathids, and will show the least structured genetic pattern over the 
archipelago. If so, this would implicate a lively gene flow over all the islands. 
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2.4 CHAPTER 4: SMALLER BODY SIZE PREDICTS HIGHER SPECIES RICHNESS 
IN SPIDERS 
 
The search for general mechanisms responsible for the observed differences in biodiversity 
patterns across the tree of life is the focus of many areas of biological research (Wiens and 
Donoghue, 2004; Rabosky, 2009; Cusens et al., 2012; Wiens, 2017). Detecting such 
mechanisms would enable predictions of species richness by proxies and would be 
important in ecology, biogeography, evolution, and conservation biology (Kearney et al., 
2010). Variation in species richness among lineages of comparable taxonomic ranks is 
often studied locally or within an island system (Hortal et al., 2009; Warren et al., 2015). 
The often detected discrepant patterns are primarily explained by variation in organismal 
dispersal ability (Agnarsson et al., 2014; Čandek, et al., 2018b), niche preemption 
(Tanentzap et al., 2015), habitat complexity (St. Pierre and Kovalenko, 2014), and the time 
since a given lineage has occupied the studied area (Pontarp and Wiens, 2017). On the 
other hand, the identification of attributes impacting large-scale species richness variation, 
and the extent of its effect, remains opaque, and would require more complex approaches 
(Jetz et al., 2012; Fine, 2015).  
 
What factors might contribute to the high variation in biodiversity among comparable 
taxonomic ranks of lineages? Multiple biotic and abiotic factors have been hypothesized to 
have an effect and a few of them have been used as predictors for species richness 
(Glazier, 1987; Williams and Gaston, 1994; Owens et al., 1999; Stuart-Fox and Owens, 
2003). For example, several studies associate high species richness with traits inherent to 
small-bodied species (Valen, 1973; Gittleman and Purvis, 1998; Wollenberg et al., 2011). 
More directly, body size has been used as a predictor of total species richness for beetles 
and wider (Stork et al., 2015). Other studies have been unable to detect a correlation 
between species richness and body size, let alone imply causality (Katzourakis et al., 2001; 
Orme, Isaac, et al., 2002; Orme, Quicke, et al., 2002). Further organismal attributes have 
been proposed to explain the variation in biodiversity among lineages, most prominently 
an organism’s generation time, and clade age. A shorter generation time generally 
correlates with a higher rate of DNA mutation accumulation and should in theory lead to 
higher species richness (Arnold et al., 1995; Thomas et al., 2010) but see (Mooers and 
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Greenberg, 2018). Arguably, phylogenetically older clades are linked with higher 
biodiversity because they have had a longer time available for their speciation (Stephens 
and Wiens, 2003; Bloom et al., 2014; Marin and Hedges, 2016) but see (Rabosky, 2009; 
Rabosky et al., 2012). Dispersal abilities and intrinsic lineage tendencies for speciation 
have a notable effect on the creation of discrepancies in species richness among genera or 
other comparable taxonomic ranks (Casquet et al., 2015; Čandek, et al., 2018a; 2018b; 
2018c). The effect of the dispersal ability of a given lineage on its species richness, 
however, is most likely not linear (Claramunt et al., 2012; Agnarsson et al., 2014).  
Additional hypotheses predict that ecological opportunity (Mooers and Greenberg, 2018) 
and shifts in species ecology and behavior significantly affect species richness. 
Specializations in e.g. distinct feeding strategies (Katzourakis et al., 2001), mating systems 
and associated phenotypes (Janicke et al., 2018) or even secondary loss of dispersal 
abilities (Gillespie et al., 1994; Casquet et al., 2015) have all been linked with increases of 
species richness following adaptive radiation. However, specialization is sometimes 
associated with higher extinction rates and considered an evolutionary dead-end, 
decreasing biodiversity of that particular lineage (Day et al., 2016; Cyriac and 
Kodandaramaiah, 2018). Furthermore, abiotic factors such as geographic range of taxa 
(Jetz and Rahbek, 2002), habitat complexity and fragmentation (Hortal et al., 2009; Stein 
et al., 2014), climate (Hawkins et al., 2007; Kozak and Wiens, 2010, 2016b) or the 
presence of archipelagos (Hortal et al., 2009; Triantis et al., 2015) can facilitate speciation 
or extinction rates, resulting in varying degrees of biodiversity among lineages. Some 
studies have predicted the total species richness from the proportion of endemic species 
(Emerson and Kolm, 2005; Steinbauer et al., 2012) or from rare and indicator species 
(Fleishman et al., 2018). Finally, genetic diversity, although better researched in 
association to geographic distribution and geographic isolation of taxa (Seeholzer and 
Brumfield, 2018), does correlate with species richness (Vellend and Geber, 2005; 
Simental-Rodríguez et al., 2014) but see (Taberlet et al., 2012). 
The task of identifying good predictors for species richness among a large number of 
variables requires powerful analytical tools. From the list of the above described predictor 
variables, many observations can only be classified as categorical or binary data. Others 
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are frequencies or continuous numerical data. Such mixed types of variables can be 
difficult to analyze simultaneously, and within a single statistic. Machine or ensemble 
learning statistic methods, more specifically the Random forest (Breiman, 2001) ensemble 
learning algorithm, can handle such data. Random forest (RF) operates by “growing” 
multiple Decision Trees (Quinlan, 1986), yet another machine learning algorithm capable 
of fitting complex datasets and performing both classification and regression tasks. 
Decision trees “learn” form the training dataset (a random selection of about 70 % of rows 
in a matrix) to predict the outcome for the new data. Random forest grows multiple 
decision tress and uses bootstrap aggregating as well as a random subset of predictor 
variables to grow them. Therefore, RF greatly improves the predicted outcome, compared 
to a single Decision tree (Ho, 2002). Random forest recovers the most important 
features/predictors by analyzing the “votes” of Decision trees. These important predictors 
are more closely related to the dependent variable and contribute more towards explaining 
its total variability. However, even robust algorithms like RF are sensitive to intense 
“noise” in the data, thus carefully choosing the right predictor variables can make the RF 
prediction model more accurate. 
 
Biodiversity science profits most from studying global patterns in species rich taxonomic 
groups. Spiders represent one such lineage with a high taxonomic, ecological, and spatial 
variability in biodiversity among comparable subclades, and geographic units. Spiders are 
megadiverse with no fewer than 47,731 extant species grouped in 4103 genera and 117 
families (WSC, https://wsc.nmbe.ch/). As a large proportion of spider species are yet 
unknown, estimates of true spider species richness range up to 170 thousand (Agnarsson et 
al., 2013). When only considering the described diversity, each family and genus, on 
average, contain 408 and 12 species, respectively. The biological truth, however, is much 
more skewed, as ten percent of the most speciose families comprise 73 % of all species. 
Moreover, numerous genera are monotypic while others contain hundreds of species. 
These observed discrepancies in species richness among comparable taxonomic ranks of 
spiders are likely to be real also when considering the unknown portion of the diversity. 
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Here, we focus on identifying the best predictor(s) for species richness in spider genera. 
Considering our comprehensive review of recent literature and the availability of data in 
public repositories, we select a combination of morphological, geographic, genetic and 
behavioral-ecological variables to predict diversity patterns. Our set of predictor variables 
reflects spider biology as understood. For example, body sizes of spiders range from 0.37 
mm (Patu digua) to 119 mm (Theraphosa blondi), species and genus distributions span 
from endemic to cosmopolitan, and genetic data have become routinely available. Spiders 
exhibit numerous behavioral, ecological and morphological specializations (Foelix, 2011). 
Moreover, spiders show varying dispersal potential, e.g. some species readily disperse by 
ballooning while others do not (Bell et al., 2005). We assemble such data for 45 spider 
genera, representative of spider total diversity, and analyze them using Random forest 
ensemble learning algorithm. Moreover, we use Multiple correspondence analysis (MCA) 
to further expose the relationship between predictor variables and species richness and to 
compare those with RF prediction results. 
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3 MATERIAL AND METHODS 
 
3.1 CHAPTER 1: BIOGEOGRAPHY OF THE CARIBBEAN CYRTOGNATHA SPIDERS 
 
3.1.1 Field collection and identification 
 
Material for our research was collected as a part of a large-scale Caribbean Biogeography 
(CarBio) project. Extensive sampling was conducted across Caribbean islands and in 
Mexico, using visual aerial search (day and night), and beating (Coddington et al., 1991; 
Agnarsson et al., 2013). Collected material was fixed in 96 % ethanol and stored at -20/-80 
°C until DNA extraction. Species identification was often impossible due to juvenile 
individuals or lack of match with the described species (Annex A). 
 
3.1.2  Molecular procedures 
 
DNA isolation took place at University of Vermont (Vermont, USA; UVM) using 
QIAGEN DNeasy Tissue Kit (Qiagen, Inc., Valencia, CA), at the Smithsonian Institute in 
Washington, DC using an Autogenprep965 for an automated phenol chloroform extraction, 
and at EZ Lab (Ljubljana, Slovenia). The latter protocol involved robotic DNA extraction 
using Mag MAX™ Express magnetic particle processor Type 700 with DNA Multisample 
kit (Applied Biosystems, Foster City, CA, USA) and following modified protocols 
(Vidergar et al., 2014). 
 
We targeted two genetic markers: (1) the standard Cytochrome C oxidase subunit 1 (COI) 
barcoding region, which has repeatedly been shown to be taxonomically informative in 
species delimitation (Hebert et al., 2003a; Čandek and Kuntner, 2015); and (2) the nuclear 
28S gene for a subset of terminals representing all sampled species. We used the forward 
LCO1490 (GGTCAACAAATCATAAAGATATTGG) (Folmer et al., 1994) and the 
reverse C1-N-2776 (GGATAATCAGAATATCGTCGAGG) (Hedin and Maddison, 2001) 
for COI amplification. The standard reaction volume was 25 µL containing 5 µL of 
Promega's GoTaq Flexi Buffer and 0.15 µL of GoTaq Flexi Polymerase, 0.5 µL dNTP's (2 
mM each, Biotools), 2.3 µL MgCl2 (25 mM, Promega), 0.5 µL of each primer (20 µM), 
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0.15 µL BSA (10 mg/mL; Promega), 2 µL DNA template and the rest was sterile distilled 
water. We used the following PCR cycling protocol: an initial denaturation step of 5 min at 
94 °C followed by 20 touch-up method cycles of 60 s at 94°C, 90 s at 44 ° 54 °C, 1 min 
at 72 °C, followed by 15 cycles of 90 s at 94 °C, 90 s at 53.5 °C, 60 s at 72 °C and the final 
extension period of 7 min at 72 °C. 
The primer pair for 28S were the forward 28Sa (also known as 28S-D3A; 
GACCCGTCTTGAAACACGGA) (Nunn et al., 1996) and the reverse 28S-rD5b 
(CCACAGCGCCAGTTCTGCTTAC) (Whiting, 2002). The standard reaction volume was 
35 µL containing 7.1 µL of Promega's GoTaq Flexi Buffer and 0.2 µL of GoTaq Flexi 
Polymerase, 2.9 µL dNTP's (2 mM each, Biotools), 3.2 µL MgCl2 (25 mM, Promega), 0.7 
µL of each primer (20 µM), 0.2 µL BSA (10 mg/mL; Promega), 1 µL DNA template and 
the rest was sterile distilled water. We used the following PCR cycling protocol: an initial 
denaturation step of 7 min at 96 °C followed by 20 touch-down method cycles of 45 s at 96 
°C, 45 s at 62 ° C  52 °C, 60 s at 72 °C, followed by 15 cycles of 45 s at 96 °C, 45 s at 
52 °C, 60 s at 72 °C and the final extension period of 10 min at 72 °C. The PCR products 
were purified and sequenced at Macrogen (Amsterdam, NL). 
We used Geneious v. 5.6.7 (Kearse et al., 2012) for sequence assembly, editing and 
proofreading. For alignment, we used the default settings and the automatic optimization 
option in the online version of MAFFT (Katoh and Standley, 2013). We concatenated the 
COI and 28S matrices in Mesquite (Maddison and Maddison, 2008). 
We obtained 103 original Cyrtognatha COI sequences and mined four additional 
Cyrtognatha COI sequences from GenBank (Annex A). We excluded a single sequence, 
representing Argentinian C. atopica (GU129638), from most analysis, due to its poor 
quality, as already discussed by (Dimitrov and Hormiga, 2011). Moreover, we added three 
COI sequences from GenBank (Arkys cornutus, Metellina mengei, Pachygnatha degeeri) 
and three original COI sequences (Leucauge argyra, Chrysometa linguiformis, 
Tetragnatha elongata) to be used as outgroups. We obtained 22 original sequences of 28S 
gene fragment representing all putative species of Cyrtognatha and included one from 
GenBank. Additionally, we incorporated three original 28S sequences (Leucauge argyra, 
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Chrysometa linguiformis, Tetragnatha elongata) and a single one from GenBank (Arkys 
cornutus) to be used as outgroups (Annex A). The concatenated matrix contained 1244 
nucleotides (663 for COI and 581 for 28S). 
 
3.1.3 Species delimitation 
 
Because the current taxonomy of Cyrtognatha based on morphology is highly incomplete 
(Dimitrov and Hormiga, 2009), we undertook species delimitation using COI data. To 
estimate molecular taxonomic operational units (MOTUs), we used four different species 
delimitation methods, each with its online application: PTP (Poisson tree process) (Jiajie 
Zhang et al., 2013), mPTP (multi-rate Poisson tree process) (Kapli et al., 2017), single 
threshold GMYC (generalized mixed yule coalescent) (Fujisawa and Barraclough, 2013) 
and ABGD (automatic barcode gap discovery) (Puillandre et al., 2012). We ran these 
species delimitation analyses using the default settings, with the input tree for GYMC from 
BEAST2 (Bouckaert et al., 2014) and the input trees for PTP and mPTP from MEGA 6.0 
(Tamura et al., 2013). 
 
3.1.4 Phylogenetic analyses  
 
We used MrBayes (Huelsenbeck and Ronquist, 2001) to reconstruct an all-terminal 
phylogeny for a complete set of our original Cyrtognatha material and outgroups using 
COI (Annex A). For Bayesian analysis we used the Generalised time-reversible model 
with gamma distribution and invariant sites (GTR+G+I) as suggested by AIC and BIC 
criterion in jModelTest2 (Darriba et al., 2012). We ran two independent runs, each with 
four MCMC chains, for 100 million generations, with a sampling frequency of 1000 and 
relative burn-in set to 25%. The starting tree was random.  
 
For a species level phylogeny, we then selected two individuals per MOTU and added 28S 
sequence data for two partitions and analyzed this concatenated dataset under a Bayesian 
framework. As above, jModelTest2 suggested GTR+G+I as the appropriate model, this 
time for both partitions. These analyses had 28 terminals including outgroups (Annex A). 
The settings in MrBayes were as above, but the number of MCMC generations was set to 
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30 million. Due to high mutation rates in noncoding parts of nuclear genes like 28S, 
insertions and deletions accumulate through evolution (Golenberg et al., 1993; Kelchner, 
2000), resulting in numerous gaps in a sequence alignment. We treated gaps as missing 
data but also ran additional analyses applying simple gap coding with FastGap 
(Borchsenius, 2009). 
 
3.1.5 Molecular dating analyses 
 
We used BEAST2 (Bouckaert et al., 2014) for time calibrated phylogeny reconstruction 
(chronogram) constrained based on the results from the above described species level 
phylogeny. We used a single COI sequence per MOTU and trimmed the sequences to 
approximately equal lengths. We then modified the xml file in BEAUti (Bouckaert et al., 
2014) to run three different analyses. The first analysis was run using GTR+G+I as 
suggested by jModelTest2. The second analysis employed the package and model 
bModelTest (Bouckaert and Drummond, 2017). The third analysis used the package and 
RBS model (Bouckaert et al., 2013). All parameters were set to be estimated by BEAST. 
We used a Stepping-Stone Sampling (SS) approach, implemented as Model_Selection 
1.4.1 extension in BEAST2, to calculate marginal likelihoods of models employing either 
strict or relaxed molecular clock (see Annex H for details and Baele et al. (2012; 2013) for 
justification). We then performed likelihood ratio test (LRT) and Bayes Factor test (BF), 
using calculated marginal likelihood scores and discovered that a relaxed log normal clock 
model better fits our data (LTR: p < 0.001; logBF = 27.1). Following Bidegaray-Batista 
and Arnedo (Bidegaray-Batista and Arnedo, 2011) we set ucld.mean prior as normally 
distributed with mean value of 0.0112 and standard deviation of 0.001, and the ucld.stdev 
as exponentially distributed with the mean of 0.666. We ran an additional analysis using a 
fossil calibration point on the basal node of Caribbean Cyrtognatha clade. Cyrtognatha 
weitschati, known from Dominican amber of Hispaniola, is hypothesized to be 13.65 – 
20.41 million years old. We used an exponential prior with 95 % confidence interval 
spanning from a hard lower bound at 13.65 MYA to the soft upper bound at 41 MYA. This 
upper bound corresponds with the time of Hispaniola appearance. We used SS sampling 
approach to calculate marginal likelihood scores for models with either a Yule or a Birth-
Death tree prior (Annex B). As suggested by the results of LRT (p < 0.001) and BF (logBF 
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= 21.4) tests on those two models, we opted for a Yule process as a tree prior. The trees 
were summarized with TreeAnnotator (Bouckaert et al., 2014), with 20% burn-in based on 
a Tracer (Rambaut et al., 2018) analysis, target tree set as Maximum clade credibility tree 
and node heights as median heights.  
 
All metafiles from BEAST and MrBayes were evaluated in Tracer to determine burn-in, to 
examine ESS val ues and to check for chain convergence. For visualization of trees we 
used FigTree (Rambaut, 2012). All MrBayes and BEAST analyses were run on CIPRES 
portal (Miller et al., 2010). 
 
3.1.6 Ancestral area estimation 
 
We used BioGeoBEARS (Matzke, 2013b) in R version 3.5.0 (R Core Team, 2018) to 
estimate ancestral range of Cyrtognatha in the Caribbean. We used a BEAST produced 
ultrametric tree from the above described molecular dating analysis as an input. We 
removed the outgroup Tetragnatha elongata and conducted the analyses with the 13 
Cyrtognatha MOTUs from six areas (Hispaniola, Jamaica, Puerto Rico, Cuba, Lesser 
Antilles and Panama). We estimated the ancestral range of species with all models 
implemented in BioGeoBEARS: DEC (+J), DIVALIKE (+J) and BAYAREALIKE (+J). 
We used log‐likelihoods (LnL) with Akaike information criterion (AIC) and sample-size 
corrected AIC (AICc) scores to test each model’s suitability for our data. All of our 
Cyrtognatha MOTUs are single island endemics, therefore we were able to reduce the 
parameter “max_range_size” to two (Pereira and Schrago, 2017; Tucker et al., 2017; Lam 
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3.2 CHAPTER 2: GLOBAL BIOGEOGRAPHY OF TETRAGNATHA SPIDERS 
REVEALS MULTIPLE COLONIZATION OF THE CARIBBEAN 
 
3.2.1 Material acquisition 
 
We collected the material for our research as a part of large-scale Caribbean biogeography 
(CarBio) project. We used standard methods for collecting spiders (Coddington et al., 
1991; Agnarsson et al., 2013), namely day- and night-time beating and visual aerial search. 
We fixed the collected material in 96 % ethanol at the site of field work and stored it at -
20/-80 °C. We then used light microscopy to verify the genus and to identify species, 
where possible.  
 
3.2.2 Molecular procedures 
 
We isolated DNA using QIAGEN DNeasy Tissue Kit (Qiagen, Inc., Valencia, CA) at the 
University of Vermont (Vermont, USA), or an Autogenprep965 automated phenol 
chloroform extraction at the Smithsonian Institution (Washington, DC, USA), or a robotic 
DNA extraction with Mag MAX™ Express magnetic particle processor Type 700 with 
DNA Multisample kit (Applied Biosystems, Foster City, CA, USA), following modified 
protocols (Vidergar et al., 2014) at the EZ Lab (Ljubljana, Slovenia). 
 
We targeting two genetic markers, a mitochondrial (COI) and a nuclear one (28S rRNA). 
We used the forward LCO1490 (GGTCAACAAATCATAAAGATATTGG) and the 
reverse C1-N-2776 (GGATAATCAGAATATCGTCGAGG) for COI amplification. The 
25 µL reaction volume contained the mixture of: 5 µL Promega's GoTaq Flexi Buffer, 0.15 
µL GoTaq Flexi Polymerase, 0.5 µL dNTP's (2 mM each, Biotools), 2.3 µL MgCl2 (25 
mM, Promega), 0.5 µL of each primer (20 µM), 0.15 µL BSA (10 mg/mL; Promega), 2 µL 
DNA template and sterile distilled water for the remaining volume. We set PCR cycling 
protocol as follows: initial denaturation (5 min at 94 °C), 20 repeats (60 s at 94°C, 90 s at 
44 °C while increasing 0.5 ° per repeat, 1 min at 72 °C), 15 repeats (90 s at 94 °C, 90 s at 
53.5 °C, 60 s at 72 °C), final elongation (7 min at 72 °C). 
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We used the forward 28Sa (also known as 28S-D3A; GACCCGTCTTGAAACACGGA) 
and the reverse 28S-rD5b (CCACAGCGCCAGTTCTGCTTAC) for 28S amplification. 
The 35 µL reaction volume contained the mixture of: 7.1 µL Promega's GoTaq Flexi 
Buffer, 0.2 µL GoTaq Flexi Polymerase, 2.9 µL dNTP's (2 mM each, Biotools), 3.2 µL 
MgCl2 (25 mM, Promega), 0.7 µL of each primer (20 µM), 0.2 µL BSA (10 mg/mL; 
Promega), 1 µL DNA template and sterile distilled water for the remaining volume. We set 
PCR cycling protocol as follows: initial denaturation (7 min at 94 °C), 20 repeats (45 s at 
96 °C, 45 s at 62 °C while decreasing 0.5 ° per repeat, 1 min at 72 °C), 15 repeats (45 s at 
96 °C, 45 s at 52 °C, 60 s at 72 °C), final elongation (10 min at 72 °C). 
 
We used Geneious v. 5.6.7 (Kearse et al., 2012) for de-novo sequence assembly and initial 
manipulation. We used a combination of MEGA (Tamura et al., 2013) and Mesquite 
(Maddison and Maddison, 2008) for basic sequence analysis, renaming and concatenating 
matrices of both genetic markers. We then used the online version of MAFFT (Katoh and 
Standley, 2013) for sequence alignment. 
 
We obtained 254 original COI and 54 original 28S sequences of Tetragnatha spiders. We 
incorporated an additional 45 Tetragnatha COI sequences from GenBank, representing all 
published sequences (1 per species, except 3 x T. nitens, 2 x T. shoshone, 2 x T. viridis, 2 x 
T. maxillosa) of sufficient quality (over 70 % of overlap with our sequences). For 
outgroups, we used nine COI and seven 28S originally generated sequences from non-
Tetragnatha genera as well as ten COI and five 28S sequences mined from GenBank. 
Altogether, our broadest dataset comprised 318 COI sequences and 66 28S sequences. Our 
specimen selection focused on the Caribbean but our broad taxon sampling ensured a 
global representation of Tetragnatha. The concatenated matrix for COI and 28S genes is 
1199 nucleotide long, 649 for COI and 550 for 28S. Relevant specimen details and 
GenBank accession codes are presented in Annex J. 
 
3.2.3 Species delimitation 
 
We used Automatic Barcode Gap Discovery (ABGD) (Puillandre et al., 2012) for 
estimating the number of molecular operational taxonomic units (MOTUs) using all COI 
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sequence in the dataset. We set Pmin to 0.001 and Pmax to 0.2 with 30 steps between those 
values. We set the X (relative gap width) to different values from 1.5 to 3 to check for the 
consistency of the results.  
3.2.4 Phylogenetic analyses 
Two gene, species level phylogeny 
We used a subset of our data based on the results from the above described species 
delimitation analysis to create a concatenated matrix of two gene markers (COI and 28S) 
for Bayesian phylogenetic reconstruction. We used 54 of the Tetragnatha individuals 
collected for this work that represent 20 MOTUs and added 12 sequences as outgroups 
(Annex K). We used MrBayes (Huelsenbeck and Ronquist, 2001) to run two independent 
runs, each with four MCMC chains, for 30 million generations. We partitioned the dataset 
per genetic marker, set a sampling frequency of 2000 and set a relative burn-in to 25 %. 
We used Generalised time-reversible model with gamma distribution and invariant sites 
(GTR+G+I) as a model of nucleotide substitution for both partitions, as suggested by AIC 
and BIC criterion from preceding analyses of our sequences with jModelTest2 (Darriba et 
al., 2012). The starting tree was random. 
We examined the statistical parameters and MCMC chains convergence with sump 
command within MrBayes and with Tracer (Rambaut et al., 2018). Trees were visualized 
with FigTree (Bouckaert et al., 2014).  
All-terminal, single gene phylogeny 
Using MrBayes, we reconstructed two Bayesian phylogenies using all available 
Tetragnatha terminals - all originally sampled Tetragnatha (N = 254) and a single COI 
sequence per every available, published, Tetragnatha species (N = 45). We added 19 
specimens as outgroups (Annex K). We included multiple Hawaiian Tetragnatha species 
belonging to “spiny-leg” clade, to serve as a check, since their monophyly is well 
established (Gillespie et al., 1997; Casquet et al., 2015) and should thus be recovered in 
our own phylogenetic reconstructions.  
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The first all-terminal phylogenetic reconstruction used an unconstrained approach while 
we enforced the Tetragnatha monophyly for the second one. The settings for both analyses 
were as in the above species level analysis although the number of MCMC generations was 
increased to 100 million. Additionally, we set the parameter “contype” within the “sumt” 
command to “allcompat” to get a fully resolved tree regardless of potential low support for 
some internal nodes. 
 
We then tested which model, the unconstrained or the constrained, better fits our data by 
comparing marginal likelihood scores and by Tracer model comparison analysis. We 
examined the statistical parameters and MCMC chains convergence with sump command 
within MrBayes and with Tracer. Trees were visualized with FigTree.  
 
Caribbean Tetragnatha monophyly testing 
To test whether Tetragnatha from the Caribbean are monophyletic, we ran two additional 
Bayesian analyses. We created a subset of COI sequences, a single for each 
MOTU/recognized species. We then ran the unconstrained analysis and compared it to the 
analysis with enforced monophyly of Caribbean endemic Tetragnatha species. To confirm 
or reject the monophyly of Tetragnatha species present exclusively on the Caribbean 
islands, we compared the marginal likelihood scores between the models and ran a Tracer 
model comparison analysis. The general settings of both (constrained and unconstrained) 
phylogenetic analyses were as in the above described species level analysis although the 
number of MCMC generations were increased to 50 million. 
 
Time-calibrated phylogenetic reconstruction 
We used BEAST (Bouckaert et al., 2014) for a time-calibrated phylogeny. We created a 
subset of COI sequences as per BEAST requirements: a single for each MOTU/recognized 
species instead of multiple terminals per species with zero or low divergence between them 
(Annex K). We used bModelTest (Bouckaert and Drummond, 2017) expansion in BEAST 
as a substitution model in model selection tab. Considering model comparison results, we 
followed Bidegaray-Batista and Arnedo (2011). We selected a relaxed log-normal 
molecular clock and set the priors accordingly: ucld.mean with normal distribution, mean 
value of 0.0112 and standard deviation 0.001; ucld.stdev with exponential distribution and 
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the mean value of 0.666. We set the number of MCMC generations to 30 million with 
sampling frequency of 1000. We constrained the whole topology based on the results from 
the all-terminal COI phylogeny and let BEAST to only estimate branch lengths and 
associated timing. Furthermore, we added three calibration points to the chronogram. The 
first was the well supported appearance of the Hawaiian islands at 5.1 MYA, therefore the 
diversification of Hawaiian clade was constrained with a uniform prior with upper bound 
at 5.1 MYA and lower bound at 0. The second calibration point is the time of the 
appearance of Lesser Antillean islands, which are presumably not older than 11 million 
years (Peck, 2011). Therefore, the diversification of the clade uniting two reasonable 
Lesser Antillean endemic species (SP5 and SP9) was constrained using a uniform prior 
with upper bound at 11 MYA and lower bound at 0. The last calibration point originates 
from spider phylogenomic literature where Garrison et al. (2016) and Bond et al. (2014) 
estimated the Tetragnathidae age at 100 (44 – 160) and 99 (64 – 133) MYA. Therefore, we 
set the MRCA prior on the node Tetragnatha + Arkys (the latter outgroup in Arkyidae) 
(Dimitrov et al., 2017) with the following settings: exponential distribution, mean value of 
31.5 and 44 offset, corresponding to the soft upper bound at 160 MYA and hard lower 
bound at 44.8 MYA.   
To determine burn-in, check the MCMC convergence and other statistical parameters we 
used Tracer. We used TreeAnnotator (Bouckaert et al., 2014) to summarize trees with 10% 
burn-in and node heights set as median heights. We used FigTree for consensus tree 
visualization. 
3.2.5 Ancestral area estimation and biogeographic stochastic mapping 
We used BioGeoBEARS (Matzke, 2013a) package in R version 3.5.0 (R Core Team, 
2018) for biogeographic analyses of Tetragnatha from the Caribbean and wider. We used 
the ultrametric tree from BEAST with outgroups removed. We conducted the analysis with 
the remaining 54 species/MOTUs and created a geographic data list with two possible 
areas: The Caribbean (C) and “Other” (O), meaning four possible ancestral states at each 
node (C, O, CO and ‘null’). We thereby achieved a good resolution for estimating 
biogeographic events between the Caribbean and non-Caribbean areas. We tested all six 
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possible biogeographical models implemented in BioGeoBEARS: DEC (+J), DIVALIKE 
(+J) and BAYAREALIKE (+J), testing their suitability for our data with Akaike 
information criterion (AIC) and sample-size corrected AIC (AICc). 
 
To correctly estimate the number and types of biogeographic events in the Caribbean, we 
performed biogeographical stochastic mapping (BSM), analysis expansion in 
BioGeoBEARS. We used the most suitable (BAYAREALIKE+J) model, as discovered in 
the results from previous analysis. We simulated 100 exact biogeographic histories and 
extracted estimated number and types of events and presented them as histograms.  
 
3.2.6 Tetragnatha SP2 haplotype network 
 
We used pegas (Paradis, 2010) package in R v. 3.5.0 to calculate a haplotype network for 
Tetragnatha SP2, the species selected based on its broad Caribbean distribution and 
potential for population structuring according to the all-terminal phylogeny (Fig. 7). We 
used 76 individuals and trimmed the sequences to equal lengths of 570 nucleotide each 
with 100% of overlap, as required by the software. Two sequences of Tetragnatha SP2 
were discarded due to their short length. The circle sizes within a haplotype network 
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3.3 CHAPTER 3: CARIBBEAN GOLDEN ORBWEAVING SPIDERS MAINTAIN 
GENE FLOW WITH NORTH AMERICA 
 
3.3.1 Data assembly 
 
Our total dataset contains every available T. clavipes COI sequence from the combined 
Caribbean + USA region (N = 58), an equal number of COI sequences randomly selected 
from Brazilian T. clavipes (Bartoleti et al., 2018), and every available sequence of T. 
clavipes from other areas (4 x Panama, 4 x Colombia, 1 x French Guiana, 1 x Costa Rica, 1 
x Mexico). We also targeted other Trichonephila global exemplars (1 to 6 terminals per 
species, 8 species total), and four individuals of Nephila pilipes as the outgroup (Annex T).  
 
3.3.2 Phylogenetic reconstructions 
 
To obtain the best clock model and tree priors for ultrametric phylogeny reconstruction, we 
performed Stepping Stone sampling and Bayes Factor test (Baele et al., 2012) within 
BEAST2 (Bouckaert et al., 2014). We reduced the total dataset (bolded taxa in Annex T) 
and constrained the topology according to a phylogenomic hypothesis (Kuntner et al., 
2018). Model tests (Annex S) selected a strict clock with the rate 0.0112 (Bidegaray-
Batista and Arnedo, 2011) and a coalescent constant population tree prior. We used 
bModelTest (Bouckaert and Drummond, 2017) as nucleotide substitution model. 
 
We reconstructed a Bayesian phylogeny using the reduced dataset as above in MrBayes 
(Huelsenbeck and Ronquist, 2001), running four independent MCMC chains with 30 
million generations, 25 % burn-in and a sampling frequency of every 1000. GTR+G+I was 
the nucleotide substitution model (Darriba et al., 2012).  
 
Finally, we ran another Bayesian phylogeny for the T. clavipes ingroup only, with settings 
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3.3.3 Species delimitations 
 
For species delimitation analyses, we employed three methods, the Generalized Mixed 
Yule Coalescent (GMYC) (Fujisawa and Barraclough, 2013), the Multi-rate Poisson Tree 
Processes (mPTP) (Kapli et al., 2017) and the Automatic Barcode Gap Discovery (ABGD) 
(Puillandre et al., 2012). We ran GMYC delimitations in “splits” package of R version 
3.5.1. (R Core Team, 2018), using the utrametric tree and testing single, as well as multiple 
thresholds settings. We ran mPTP delimitations online using default settings and with 
ultrametric as well as Bayesian trees. For ABGD delimitations, we uploaded fasta 
sequences to its online platform and tested all three implemented substitution models 
(JC69, K80 and Simple distance). Here, we present a GMYC delimitation result using the 
best model for the data (Fig. 12) while 14 additional delimitation results are in the 
supplementary material (Annexes Q1 – Q14). 
 
3.3.4 Haplotype network reconstruction 
 
We used “pegas” package in R to reconstruct a haplotype network of all 127 T. clavipes 
individuals from 12 areas. We trimmed the sequences to equal lengths, resulting in 537 
remaining nucleotides. The sizes of circles in the reconstructed network correspond to the 
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3.4 CHAPTER 4: SMALLER BODY SIZE PREDICTS HIGHER SPECIES RICHNESS 
IN SPIDERS 
3.4.1 Data acquisition 
We assembled a dataset containing 45 spider genera and multiple attributes (predictor 
variables) that could potentially affect species richness (depended variable). We 
categorized the predictor variables into four groups: morphological, genetic, geographic 
and “other” (containing phylogenetic rank, presence of ballooning, foraging type and 
sexual size dimorphism (SSD)). We targeted spider genera that had publicly available data 
from the above attributes. Moreover, we put an effort to select the genera that exhibited 
significant variation in predictor variables, as well as variation in species richness. 
Whenever possible, we ensured that variables of categorical data were approximately 
equally represented by the number of observations in each category (Annex T). 
3.4.2 Morphological variables 
We used body size information as morphological predictor variable. We obtained the 
following data: a) maximum female body size, represented by the largest species within a 
genus; b) minimum female body size, represented by the smallest species within a genus; 
c) maximum male body size, represented by the largest species within a genus; and d)
minimum male body size, represented by the smallest species within a genus. From those 
values we calculated the average body sizes and variation in body sizes for males, females 
and for both sexes combined. This resulted in ten body size variable permutations for the 
analyses. We obtained body size information primarily from Araneae, Spiders of Europe 
database (https://araneae.nmbe.ch/) and consulted the original literature for genera not 
represented in that database (Annex T). 
3.4.3 Genetic variables 
We used genetic distances, calculated from COI data, as a genetic predictor variable. We 
data-mined BOLD systems or GenBank for all publicly available COI sequences per 
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targeted genus. We then discarded those sequences that were shorter than 600 nucleotides, 
and those without a species identification. We selected a single sequence per species to 
calculate pairwise distances in MEGA (Tamura et al., 2013). We used the K2P parameter 
and a pairwise deletion option to calculate the minimum, maximum and mean interspecific 
(congeneric) genetic distances within each genus. 
 
3.4.4 Geographic variables 
 
We formed four geographic predictor variables. First, we ranked the geographic range of 
each targeted spider genus. We used the information on species occurrences from World 
Spider Catalog (WSC) (https://wsc.nmbe.ch/) and from the Global Biodiversity 
Information Facility (GBIF) (https://www.gbif.org/) and classified genus geographic 
ranges with the following criteria: (rank 1) all species within the genus are distributed 
locally, e.g. within a single archipelago; (rank 2) all congeneric species are distributed 
within a single continent; (rank 3) all congeneric species are distributed between two 
continents; (rank 4) all congeneric species are distributed among three continents; and 
(rank 5) congeneric species occur on four or more continents, i.e. the genus is 
cosmopolitan. Second, we counted the single island endemic species within each genus 
(WSC https://wsc.nmbe.ch/), and calculated the percent congeneric single island endemics. 
Third, we counted the congeneric species whose occurrences are limited to a single country 
(excluding island countries from the previous step), and calculated the percent congeneric 
species with a limited distribution. Finally, we combined the percent of single island 
endemics and the percent of single country occurrences into the fourth geographic 
predictor, the percent of congeneric species with a “narrow range”.  
 
3.4.5 Other variables 
 
We formed additional four predictor variables. We categorized genera into four 
phylogenetic ranks: a) Mesothelae, b) Mygalomorphae, c) Haplogynae and d) Entelegynae. 
Those distinct spider clades of different evolutionary ages (Bond et al., 2014; Garrison et 
al., 2016) represent an approximation of a clade age predictor variable. However, after 
preliminary analysis we combined the Mesothelae and Mygalomorphae clades into one 
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group “Orthognatha” because separately, both classes were underrepresented by the 
number of data points. Although paraphyletic, the group “Ortognatha” is evolutionary the 
oldest, the Entelegynae is the youngest, and Haplogynae is intermediate. Entelegynae and 
Haplogynae clades together represent the Araneomorphae spiders. 
From the behavioral ecology field, we included the foraging type and the presence of 
ballooning dispersal as predictors. The type of foraging was classified as either a “trap” or 
“cursorial”. The “trap” comprises prey capture by web or ambush, while a webless, active 
search for food determines the “cursorial” category. The presence of ballooning dispersal 
was classified as “yes” or “no” according to the review literature on spider ballooning (Bell 
et al., 2005). 
The last predictor variable was the presence or absence of sexual size dimorphism (SSD). 
We calculated SSD from the average body size of a species within the genus. If the ratio 
between average female and male body sizes exceeded 1.5, we classified the genus as 
having species with SSD (“yes”) otherwise we assumed such genus does not contain 
sexual size dimorphic species (“no”). We acknowledge that calculating SSD from a single 
species within genus is likely to produce false negative results but we had to accept the 
restrictions that pertain to a large dataset. 
3.4.6 Species richness as the dependent variable 
We obtained the total number of described species within each targeted genus from WSC 
(https://wsc.nmbe.ch/). We divided the genera into two categories. The categories “low” (n 
= 24) and “high” (n = 21) group those genera that are represented by fewer versus more 
than 40 species, respectively. 
3.4.7 Random forest 
We used randomForest package (Liaw and Wiener, 2002) in R (R Core Team, 2018) to 
construct six Random forest (RF) models. We ran the first RF analysis using all predictor 
variables. RF analyses 2-5 used a subset of variables, “morphological”, “geographic”, 
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“genetic” and other”, while the last RF analysis only contained a single best predictor for 
species richness from each of the previous categories. The dataset for RF analyses 
contained a combination of binary, categorical and numerical data. We transformed 
Geographic ranges (1 to 5) from numerical into factor variable. The data was then 
randomly split into training (n = 32) and test dataset (n = 13). We ran RF on the training 
dataset and optimized RF models by searching the optimal “mtry” and “ntree” values to 
reduce “out of the bag” error (OOB). Finally, each trained RF model’s accuracy was 
evaluated with the test dataset.  
 
3.4.8 Multiple correspondence analysis 
 
Following the RF analyses, we selected the best predictor from each group of variables 
(Annex U). We further analyzed the relations between the selected predictors and species 
richness with Multiple correspondence analysis (MCA). We used FactoMineR package (Lê 
et al., 2008) in R to run and visualize MCA. All variables in MCA are required to be 
categorical, therefore we assigned classes to Minimum male body size and maximum COI 
genetic distance. Males smaller than 5 mm (n = 22) were labeled “small” while males 
larger than 5 mm (n = 22) were labeled “big”. We put genera with maximum COI genetic 
distance 18 % or higher (n = 24) into “large” category and genera with lower value (n = 
20) than that into “little” category. With preliminary MCA analysis we identified a single 
extreme outlier Heptathela, the only genus with a range 1. The presence of one or more 
outliers in MCA can dominate the interpretation of the axes (Bendixen, 2003) therefore, 
we eliminated Heptathela and proceeded with the remaining 44 genera. 
  
51 
Čandek, K., The role of dispersal in spider speciation, distribution and patterns … of the Caribbean archipelago. 
   Doct. Dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2018 
4 RESULTS 
4.1 CHAPTER 1: BIOGEOGRAPHY OF THE CARIBBEAN CYRTOGNATHA SPIDERS 
We collected 103 Cyrtognatha individuals from Cuba, Jamaica, Dominican 
Republic/Hispaniola, Puerto Rico and Lesser Antilles (Fig. 2A, Annex A). 
Figure 2: A) Map of the Caribbean with indicated sampling localities. B) The all-terminal 
mitochondrial Bayesian phylogeny of Cyrtognatha (103 specimens). Branch colors match those of the 
islands in A. Notice that all putative species form exclusively single island endemic pattern. 
Slika 2: A) Zemljevid Karibov z označenimi lokacijami vzorčenja. B) Bayesianska filogenija vseh 
Cyrtognatha osebkov (103) na podlagi COI gena. Barve vej filogenetskega drevesa se ujemajo z barvami 
otokov (A). Vsaka domnevna vrsta naseljuje en sam otok, torej vse skupaj tvorijo vzorec izključno eno-
otoškega endemizma.  
We confirmed that all individuals are morphologically Cyrtognatha, although we were not 
able to identify most species. However, we did identified two known species: C. espanola 
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(Bryant, 1945) and C. elyunquensis (Petrunkevitch, 1930), the latter, clearly a 
Cyrtognatha, was previously placed in Tetragnatha and not transferred to Cyrtognatha in 
the recent revision of the genus (Dimitrov and Hormiga, 2009). The CarBio collections 
from Mexico yielded no Cyrtognatha specimens. 
 
We obtained COI sequences for all Cyrtognatha individuals. Using computational methods 
for species delimitation our Cyrtognatha dataset is estimated to contain from 11 to 14 
MOTUs (Annex I). The results from PTP, mPTP and ABGD were mostly consistent, 
disagreeing only on the status of three putative species. To these species that are supported 
by some but not all analyses, we added the label B or C after the species name: 
Cyrtognatha SP10B, Cyrtognatha SP2B and Cyrtognatha SP2C. On the other hand, we 
dismiss the results from GMYC analyses using either a single versus multiple threshold 
option, which failed to recover reliable MOTUs. The composition of our dataset is most 
likely not compatible with GMYC method as it cannot detect switches between inter- and 
intraspecific branching patterns, offering us from 1 to 39 MOTUs. 
 
The two gene and the all-terminal, COI, phylogenies yielded nearly identical networks 
both supporting the monophyly of the Caribbean taxa. However, the root placement in the 
mtDNA phylogeny is different such that the phylogenetic trees appear to be in strong 
conflict even though the phylogenetic networks are mostly congruent (Fig. 3, Annex B). 
Given that stronger evidence for root placement is expected to come from the two gene 
phylogeny, we ran an additional analysis constraining the root of the mtDNA phylogeny to 
reflect that, with otherwise the same settings (Fig. 2, Annex C). Our all-terminal Bayesian 
phylogeny supports Caribbean Cyrtognatha monophyly, albeit with only three non-
Caribbean samples. Most terminal clades were well supported with lower supports for 
some deeper nodes (Fig. 2, Annexes B and C). This phylogeny strongly recovers all 
putative species groups as single island endemics. Furthermore, all geographic areas harbor 
monophyletic lineages, with the exception of Hispaniola that supports two independent 
clades. The unconstrained all-terminal COI phylogeny recovers the Lesser Antillean clade 
as sister to all other Caribbean taxa. However, this relationship is not recapitulated in the 
concatenated, species level, phylogeny (Fig. 3, Annex D). The concatenated phylogeny 
also supports monophyly of the Caribbean taxa but recovers the clade of C. espanola and 
53 
Čandek, K., The role of dispersal in spider speciation, distribution and patterns … of the Caribbean archipelago. 
   Doct. Dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2018 
C. SP12 from Hispaniola as sister to all other Caribbean Cyrtognatha. The species level
phylogeny is generally better supported, with the exception of a clade uniting species from 
Lesser Antilles, Cuba, Hispaniola and Puerto Rico. In both Bayesian analyses the chains 
successfully converged and ESS as well as PRSF values of summarized MCMC runs 
parameters were appropriate (Huelsenbeck and Ronquist, 2001). 
Figure 3: Species level Bayesian phylogeny of Cyrtognatha based on COI and 28S. Relationships agree 
with Cyrtognatha and Caribbean Cyrtognatha monophyly. 
Slika 3: Bayesianska filogenija rodu Cyrtognatha na vrstnem nivoju na podlagi genov COI in 28S. 
Evolucijski odnosi, prikazani na sliki, podpirajo monofilijo rodu Cyrtognatha in karibskega Cyrtognatha 
klada. 
Chronograms produced by BEAST, using either exclusively COI mutation rate or 
incorporating the additional fossil for time calibration, exhibited very similar time 
estimates (Fig. 4, Annexes E and F).  
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Figure 4: Time-calibrated BEAST phylogeny of Cyrtognatha. This chronogram suggests Cyrtognatha 
colonized the Caribbean in mid-Miocene and refutes ancient vicariant scenarios. The lack of any land bridge 
connection of the Caribbean with mainland at least since early Oligocene (cca. 33 MYA; GAARlandia) 
suggests that colonization happened by overwater dispersal. The numbers at nodes represent node ages in 
million years ago (MYA) while bars at nodes represent confidence intervals for node ages. Cyrtognatha sub-
clade ages agree with geological history of Caribbean islands. 
Slika 4: Časovno umerjena filogenija BEAST rodu Cyrtognatha. Izračunan časovni okvir filogenije 
BEAST podpira hipotezo, ki predvideva, da je Cyrtognatha naselila Karibe v srednjem Miocenu ter ne 
podpira prazgodovinske vikariance. Karibi s celino niso imeli bili kopenske povezave že vsaj od zgodnjega 
Oligocena (pred približno 33 milijoni let je morda obstajal “kopenski most” imenovan GAARlandja), kar 
pomeni, da je Cyrtognatha Karibe najverjetneje naselila z disperzijo preko morja. Številke ob kolencih v 
filogeniji predstavljajo starosti kolenc v milijonih let, medtem ko črte v kolencih predstavljajo intervale 
zaupanja za starosti kolenc. Starosti posameznih pod-kladov rodu Cyrtognatha se ujemajo z znano geološko 
zgodovino karibskih otokov. 
 
We decided to proceed with the mutation rate-only calibrated phylogeny for further 
analyses because it is less likely to contain known potential biases when calibrating with 
scarcely available fossils and geological information (Heads, 2011; Hipsley and Müller, 
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2014). The molecular dating analyses based on the three different models in BEAST 
largely agreed on node ages with less than 1 million years difference. However, the log 
files from the chronogram based on GTR+G+I model consistently exhibited low ESS 
values (<50), even with MCMC number of generations having been increased to 200 
million. The analyses using the remaining models, RBS and bModelTest, were more 
appropriate since MCMC chains successfully converged, and the lowest ESS values were 
981 and 2214 respectively, thus far exceeding the suggested 200. Additional examination 
of the log files produced by bModelTest phylogeny with bModelAnalyzer from 
AppStore.exe (Bouckaert and Drummond, 2017) revealed that MCMC chains spent most 
time in modified TN93 model with the code 123143 which contributed for 49.56% of 
posterior probability (for details on bModelTest method of model selection see (Bouckaert 
and Drummond, 2017). The BEAST chronogram using bModelTest (Fig. 4, Annex E) 
yielded the best supported results, amongst the above mentioned approaches, based on ESS 
values, and was therefore used in subsequent biogeographical analyses. This chronogram 
(Fig. 4) supports a scenario in which Cyrtognatha diverged from the closely related genus 
Tetragnatha at 18.7 MYA (95% HDP: 12.8 – 26.7 MYA). The Caribbean clade is 
estimated to have split from the mainland Cyrtognatha (represented here by a species from 
Panama) 15.0 MYA (95% HDP: 10.5 – 20.7 MYA). The clade with lineages represented 
on Lesser Antilles diverged from those on Greater Antilles at 11.5 MYA (95% HDP: 8.3 – 
15.6 MYA). 
The comparison of all six models of ancestral area estimation with BioGeoBEARS 
recovered DIVALIKE+J as most suitable for our data due to highest LnL scores in all tests 
(Annex J). The estimation of ancestral states suggests that the most recent common 
ancestor of all Caribbean Cyrtognatha in our dataset most likely (62%) resided on 
Hispaniola (Fig. 5). Moreover, all the Greater Antillean island clades as well as the Lesser 
Antillean clade most likely originated from Hispaniola with the following probability: 
Jamaican clade (47%), Lesser Antillean clade (40%), Cuban clade (63%) and Puerto Rican 
clade (89%) (Fig. 5). 
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Figure 5: Ancestral area estimation of Cyrtognatha with BioGeoBEARS. The biogeographical analysis, 
using the most suitable model for our data (DIVALIKE + J, max_range_size = 2), revealed that Hispaniola 
was most likely colonized first. Following colonization, Cyrtognatha diversified within Hispaniola and 
subsequently dispersed from there to all other islands of the Caribbean (past dispersal events are marked with 
star symbols). 
Slika 5: Ocena območij razširjenosti prednikov vrst iz rodu Cyrtognatha s programom BioGeoBEARS. 
Biogeografska analiza z najustreznejšim modelom (DIVALIKE + J, max_range_size = 2) razkrije, da je 
Cyrtognatha najverjetneje najprej naselila karibski otok Hispaniola, od koder je naknadno z disperzijo preko 
morja naselila še preostale karibske otoke (disperzijski dogodki v preteklosti so označeni s simbolom 
zvezde). 
  
Recently, Ree and Sanmartín (2018) identified certain biases in the selection of those 
models that employ the founder event (the +J variants of the models in BioGeoBEARS). 
We followed their concerns and also analyzed the data using the DIVALIKE model that 
omits the founder event (Matzke, 2013b). These alternative results (Annex G) differ from 
those above in detecting an exclusively vicariant cladogenetic set of events. As we discuss 
below these alternative results are less credible in the context of Caribbean geological 
history, as the putative vicariant events are too recent.   
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4.2 CHAPTER 2: GLOBAL BIOGEOGRAPHY OF TETRAGNATHA SPIDERS 
REVEALS MULTIPLE COLONIZATION OF THE CARIBBEAN 
4.2.1 Molecular procedures and MOTU estimation 
We collected 254 individuals from Cuba, Jamaica, Lesser Antilles, Hispaniola, Puerto 
Rico, South-East USA and Central America (Annex K). We confirmed that all individuals 
were morphologically Tetragnatha and identified eight described species. Additionally, we 
estimated another 17 MOTUs (labeled SP and number), using ABGD computational 
method (Annex N). ABGD was consistent in estimating the number of MOTUs for all 
tested X (relative gap width) values. Moreover, ABGD detected a 3.8 % wide barcoding 
gap (measured in K2P (Kimura, 1980) percent distance), closely matching that of a 
barcoding gap width estimated for Tetragnathidae by (Čandek and Kuntner, 2015). 
ABGD species delimitation correctly separated all species from GenBank with the 
exception of T. praedonia and T. nigrita. Those two species are clustered together with 
only 1.1 % sequence divergence between them, suggesting that one of them is 
misidentified. Similarly, T. nitens is separated into two species, one of them clustering with 
T. moua. This suggests that T. nitens is either a species complex, or that it may represent
another case of misidentification. Altogether, our originally collected material comprises 
25 putative species while together with GenBank sequences our dataset contains 54 
putative species. Of those, 11 are Caribbean endemics while 15 species are found both in 
the Caribbean as well as elsewhere. In our dataset, 28 species are not found in the 
Caribbean. 
4.2.2 Molecular phylogeny 
Our two gene, species level, phylogeny (Fig. 6) supports Tetragnatha monophyly. A well-
supported basal Tetragnatha node contains some, but not all T. shoshone exemplars, 
refuting the validity of that MOTU. The remaining species/MOTUs generally group 
together with high support. Except for a single node, internal nodes in this phylogeny are 
resolved (Fig. 6). 
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Figure 6: Species level Bayesian phylogeny of the Caribbean Tetragnatha based on COI and 28S. 
Relationships agree with Tetragnatha monophyly. 
Slika 6: Bayesianska filogenija rodu Tetragnatha na vrstnem nivoju, na podlagi genov COI in 28S. 
Izračunani evolucijski odnosi med vrstami podpirajo monofilijo rodu Tetragnatha. 
 
The COI phylogenetic reconstruction in Figure 7 represents the relationships of all 
originally collected and all data-mined Tetragnatha. Because the unconstrained all-
terminal phylogeny recovers a paraphyletic Tetragnatha that also includes Pachygnatha 
(Annex L), we constrained the Tetragnatha monophyly (Fig. 7). Occasional inaccuracies at 
deeper levels of mitochondrial phylogenies are to be expected due to the high levels of 
information saturation in COI gene (Brandley et al., 2011). Our approach to constrain the 
all-terminal COI phylogeny is justified by marginal likelihood scores test with Tracer 
model comparison (logBF = 710.4 ± 0.061 from 500 bootstrap replicates favoring 
constrained model), and moreover, the constrained phylogeny exhibits higher posterior 
node probabilities. The Hawaiian Tetragnatha always formed a well-supported clade, a 
result giving credibility to our analyses 
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Figure 7: The all-terminal mitochondrial Bayesian phylogeny of the Caribbean (254) and global (45) 
Tetragnatha representatives. The scattered phylogenetic pattern of single island endemic, Caribbean 
endemic and cosmopolitan species, as well as highly supported clades of geographically distant relatives 
reveal a profile of a “dynamic disperser”. Note the non-monophyly of Caribbean Tetragnatha. 
Slika 7: Bayesianska filogenija karibskih (254) in globalnih (45) predstavnikov rodu Tetragnatha na 
podlagi gena COI. Filogenija prikazuje vzorec, kjer so vrste, endemične na enem samem otoku, vrste, 
endemične za karibsko območje, in vrste, razširjene po celem svetu, med seboj pomešane. Filogenija razkrije 
tudi tri dobro podprte klade, ki združujejo geografsko izredno oddaljene vrste. Ti vzorci ne podpirajo 
monofilije karibskih predstavnikov rodu Tetragnatha in hkrati razkrivajo značilnosti tako imenovanega 
“taksona z dinamičnimi zmožnostmi disperzije”. 
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This phylogenetic pattern (Fig. 7) reveals eight MOTUs as Caribbean single island 
endemics and an additional three that are Caribbean endemics. The remaining putative 
species have more widespread distributions. Although the phylogenetic pattern in itself 
already hints at Caribbean Tetragnatha not being monophyletic, its monophyly is formally 
rejected by the marginal likelihood scores testing with Tracer model analysis (logBF = 
163.6 ± 0.039 SE from 500 bootstrap replicates favoring unconstrained model). The only 
multispecies monophyletic Caribbean Tetragnatha clade appears to be the group uniting 
SP3, 5, 9, 13. Because Tetragnatha SP2, the species with the highest number of individuals 
(N = 78) with a distribution across all major Caribbean islands, shows a marked population 
structuring (labeled as SP2 (A-C) in Fig. 7), it was selected for subsequent haplotype 
network analyses. 
 
The examination of p files in Tracer and sump command within MrBayes for all of the 
above described phylogenies, found high ESS values, the lowest being 12,487 for two gene 
and 617 for COI only phylogeny. MCMC chain successfully converged for all parameters.   
 
4.2.3 Time calibrated phylogeny 
 
The BEAST chronogram suggests tetragnathids diverged from their sister family Arkyidae 
(Dimitrov et al., 2017) 58 MYA (million years ago) (95% HPD 44.5 – 81.9) (Fig. 8). We 
estimate that the diversification of those Tetragnatha species that are represented in our 
dataset began 46 MYA (44 – 53.3). The only multispecies Caribbean endemic clade 
appeared to have diverged from its sister species from Mexico 20 MYA (12.8 – 29 MYA). 
Time estimates of the species divergences generally fit the estimated geologic ages of the 
Caribbean islands.  
 
The BEAST phylogeny is well supported as seen from the examination of log files (all 
EES > 266). Additional examination of log files with bModelAnalyzer revealed the most 
used nucleotide substitution model was a version of TVM, followed by versions of TN93 
and GTR (Annex M) (for details on bModelTest check (Bouckaert and Drummond, 2017)).  
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Figure 8: Time-calibrated BEAST phylogeny of Tetragnatha. This chronogram allows for an early 
Caribbean colonization by Tetragnatha. The reconstructed timing and pattern favor multiple overwater 
dispersal events over the GAARlandia or ancient vicariance scenarios. The bars on nodes represent 95 % 
HPD intervals. 
Slika 8: Časovno umerjena filogenija BEAST rodu Tetragnatha. Interpretacija izračunanih časovnih 
okvirjev na filogeniji dopušča možnost, da je Tetragnatha naselila Karibe že kmalu po njihovem nastanku. 
Izračunane starosti ter filogenetski vzorec vrst iz rodu Tetragnatha niso skladni s prazgodovinsko vikarianco 
ali s hipotetičnim “kopenskim mostom” GAARlandijo, temveč jih najbolje pojasni večkratna in neodvisna 
naselitev Karibov z disperzijo preko morja. Črte v kolencih filogenije predstavljajo 95 % interval zaupanja 
HPD za izračunano starost kolenc. 
4.2.4 Biogeographic analyses 
BioGeoBEARS model comparison recovered the BAYAREALIKE+J model as the most 
suitable for our data: Model comparison recovered the highest LnL scores for 
BAYAREALIKE+J, regardless of the scoring criterion (Annex O). Moreover, it revealed 
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that a founder effect within the model (+J parameter) is significantly better suited for our 
data than the model without this parameter (p < 0.01). Ancestral area estimation (Fig. 9) 
hints at multiple independent biogeographic events.  
 
Figure 9: Ancestral area estimation of Tetragnatha with BioGeoBEARS. The biogeographic analysis 
using the most suitable model for our data (BAYAREALIKE + J, max_range_size = 2), reveals multiple 
origins of Caribbean taxa from the outside sources. A single subclade (SP 13, 3, 5, 9) has a well-supported 
Caribbean ancestral range. Evidently, multiple cladogenetic founder events and anagenetic range expansions 
took place throughout Tetragnatha biogeographic history on the Caribbean. 
Slika 9: Ocena območij razširjenosti prednikov vrst iz rodu Tetragnatha s programom BioGeoBEARS. 
Biogeografska analiza z najustreznejšim modelom (BAYAREALIKE + J, max_range_size = 2) razkrije eno 
manjšo monofiletsko radiacijo (SP 13, 3, 5, 9), ki izvira iz prednika, razširjenega na Karibih. Vse ostale vrste 
pa najverjetneje izvirajo iz zunanjih virov, od koder so večkrat naselile Karibsko otočje. Očitno je v času 
biogeografske zgodovine rodu Tetragnatha na Karibih prišlo tako do večkratnih t. i. kladogenetskih učinkov 
ustanovitelja kot do anagenetskega povečanja območja razširjenosti. 
 
We used 100 biogeographic stochastic mapping repeats of exact biogeographic histories 
(Supplementary animation S1). This analysis estimated that on average 21.88 
biogeographic events took place between the delimited areas. Of those, 11.72 were 
anagenetic events (all of which were range expansions), and 10.16 were cladogenetic 
events (Fig. 10, Table 1). Of the latter, all were dispersals with founder event, and none 
were vicariant events. The results of narrow sympatry should not be considered in our case 
because of the experimental design with only two areas. Being extremely wide, the area 
classified as “Other” would produce a false positive score under narrow sympatry. 
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According to BSM analyses 17.86 dispersal events must have taken place from outside 
sources to the Caribbean (9.51 range expansions, 8.35 founder events) while 4.02 dispersal 
events happened in the other direction (2.21 range expansions, 1.81 founder events) (Table 
1). 
Table 1: Event counts from Biogeographic Stochastic Mapping (BSM). Rows represent origins (from) 
and columns “destinations” (to) of range expansion/founder events. 
Tabela 1: Frekvence biogeografskih dogodkov, pridobljene z metodo BSM. Vrstice predstavljajo izvor 
(od kod?), stolpci pa smer oz. cilj (kam?) povečanja območja razširjenosti vrste/učinka ustanovitelja. 
All dispersal events (mean) All dispersal events (sd) 
Caribbean Other Caribbean Other 
Caribbean 0 4.02 Caribbean 0 2.23 
Other 17.86 0 Other 1.09 0 
Anagenetic - range expansions (mean) Anagenetic - range expansions (sd) 
Caribbean Other Caribbean Other 
Caribbean 0 2.21 Caribbean 0 1.34 
Other 9.51 0 Other 1.24 0 
Cladogenetic - founder events (mean) Cladogenetic - founder events (sd) 
Caribbean Other Caribbean Other 
Caribbean 0 1.81 Caribbean 0 1.33 
Other 8.35 0 Other 1.04 0 
Figure 10: Histograms of event counts from Biogeographic Stochastic Mapping in BioGeoBEARS. Note 
that narrow sympatry (panel c) should be interpret with caution due to experimental design with two areas. 
The area classified as “Other” is extremely wide and does produce a false positive score under narrow 
sympatry. 
Slika 10: Stolpični diagrami frekvenc biogeografskih dogodkov, pridobljeni z metodo BSM. Rezultate v 
diagramu c (simpatrija na ozkem območju) si moramo razlagati previdno zaradi zasnove analize s samo 
dvema območjema. Območje, ki ga imenujemo “Others”, je izjemno široko in v času BSM analize se lahko 
pri simpatriji ozkega območja pojavljajo napačni pozitivni rezultati. 
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4.2.5 Tetragnatha SP2 haplotype network 
 
Within the selected species Tetragnatha SP2, the network analysis recovered 21 
haplotypes (Fig. 11). The most commonn haplotype (VI) contained 16 individuals while 
eight haplotypes were represented by single individuals. Among haplotypes we counted 
124 total mutations, with the longest link between two haplotypes having 20 mutations and 
the shortest a single one. 
 
 
Figure 11: Haplotype network of Tetragnatha SP2. Haplotype network analysis recovers three distinct 
haplotype groups. These groups (A, B, C) apparently do not intermix. Although our ABGD species 
delimitation lumped those three groups, the haplotype network strongly suggests that Tetragnatha SP2 
contains cryptic species. 
Slika 11: Haplotipska mreža “vrste” Tetragnatha SP2. Rezultati analize haplotipskih mrež nam pokažejo 
tri očitne skupine haplotipov. Genski materiali populacij, ki pripadajo tem skupinam (A, B, C), se očitno med 
seboj ne mešajo. Čeprav je razmejitev vrst z metodo ABGD te tri skupine uvrstila kot isto vrsto, izračunana 
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4.3 CHAPTER 3: CARIBBEAN GOLDEN ORBWEAVING SPIDERS MAINTAIN 
GENE FLOW WITH NORTH AMERICA 
Species delimitation analysis, using the best fit GMYC model delineate 54 specimen into 
11 species (Fig. 12). Trichonephila clavipes apparently comprises more than a single 
species (A and B in Fig. 12).  
Figure 12: GMYC species delimitation in Trichonephila. GMYC splits T. clavipes into two species. 
Species (A) shows pronounced population structure with Caribbean + North America subclade and Colombia 
+ Costa Rica subclade. Species B is South and Central American. Vertical bar represents a likely threshold
for speciation processes in Trichonephila.
Slika 12: Razmejitve vrst rodu Trichonephila z metodo GMYC. Glede na rezultate analize GMYC T. 
clavipes sestavljata dve vrsti. Tudi znotraj vrste (A) obstaja očitna populacijska struktura; populacije iz 
Karibov + Severne Amerike se ločijo od tistih iz Kolumbije + Kostarike. Vrsta (B) je razširjena v Južni in 
Srednji Ameriki. Navpičen rdeč pas predstavlja najverjetnejšo mejo med vrstnimi (speciacija) in 
populacijskimi (koalescenca) procesi na filogenetskem drevesu. 
. 
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T. clavipes populations from North America and the Caribbean form a monophyletic 
subclade. While some of the additional species delimitation approaches (Annexes Q5, Q6 
and R1) uphold the scenario with T. clavipes comprising two species, others (Annexes Q1-
Q4, Q7-Q15 and R2) are suggestive of even more species within T. clavipes. However, all 
species delimitation methods recover Caribbean + North American T. clacipes populations 
as a single species.    
 
The haplotype network (Fig. 13) depicts a single, well-represented haplotype present on 
the sampled Caribbean islands, as well as in continental North America. A few point 
mutations separate this highly frequent haplotype with those present on Jamaica, Mexico, 
Puerto Rico, and Turks and Caicos. Other haplotypes are more distant, and form two 
distinct groups, one in Colombia and Costa Rica (putatively conspecific with the 
Caribbean), and another in Brazil, Panama and French Guiana that corresponds to the 
species B in Figure 12.  
 
Figure 13: Haplotype network of Trichonephila clavipes “species”. Results hint at two, or three species of 
T. clavipes. Specimens from the Caribbean and North America form one well represented haplotype. Other, 
minor haplotypes from the Caribbean/North America are separated by very few mutations, suggesting high 
levels of gene flow in the area of interest. 
Slika 13: Haplotipska mreža “vrste” Trichonephila clavipes. Rezultati analize namigujejo na dve ali tri 
vrste znotraj T. clavipes. Osebki iz Karibov in Severne Amerike tvorijo en dobro zastopan haplotip. Ostali, 
slabše zastopani haplotipi iz Karibov/Severne Amerike, so ločeni z zelo majhnim številom mutacij. To 
nakazuje na visok genski pretok v tem območju.   
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4.4 CHAPTER 4: SMALLER BODY SIZE PREDICTS HIGHER SPECIES RICHNESS 
IN SPIDERS 
 
4.4.1 Random forest 
 
The power of Random forest (RF) predictions is based on “mean decrease GINI”: “GINI 
impurity is a measure of how often a randomly chosen element from the set would be 
incorrectly labeled if it was randomly labeled according to the distribution of labels in the 
subset” (Wikipedia, 2018). To interpret these results, a graphical interpretation is 
informative (Fig. 14). The basic learning unit of RF are decision trees (Fig. 15) pertaining 
to each group of variables. 
 
RF analysis using all predictor variables for species richness recovers Minimum male body 
size, followed by Maximum COI distances and Geographic range as best predictor 
variables. The optimized RF model on the training dataset uses six variables in the decision 
tree (mtry = 6) and grows 1000 decision trees. The estimated Out of the bag (OOB) error is 
34.38 % while the actual accuracy when applying this model to test the dataset is 69.23 %. 
 
Using only morphological predictor variables for species richness, RF recovers Minimum 
male body size as the best predictor. The optimized RF model on the training dataset has 
mtry = 3 and ntree = 1000. The estimated OOB error is 34.38 % while the actual accuracy 
when applying this model to test the dataset is 53.84 %. 
 
RF using genetic predictor variables recovers Maximum COI interspecific distances as the 
best predictor for species richness within this group. The optimized RF model on the 
training dataset has mtry = 2 and ntree = 1000. The estimated OOB error is 59.38 % while 
the actual accuracy when applying this model to test the dataset is 61.53 %. 
 
RF using geographic predictor variables for species richness recovers Geographic range as 
the best predictor within this group. The optimized RF model on the training dataset has 
mtry = 4 and ntree = 1000. The estimated OOB error is 43.75 % while the actual accuracy 
when applying this model to test the dataset is 61.53 %. 
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Figure 14: Random forest (RF) results for different groups of variables. The bottom and middle panels 
represent RF results for specific groups of predictor variables. The top right panel represents RF result for the 
combination of all predictor variables while the top left panel shows RF results for the best predictor 
variables from each variable group only.  
Slika 14: Rezultati Random forest (RF) algoritma za različne skupine spremenljivk. Spodnji in sredinski 
okvirčki predstavljajo rezultate RF za določene skupine spremenljivk. Zgornji desni okvirček predstavlja RF 
rezultate za vse spremenljivke hkrati, zgornji levi okvirček pa predstavlja RF rezultate samo za najboljše 
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RF using the remaining variables: SSD, presence of Ballooning, Phylogenetic rank and 
Foraging type, grouped in “other” variable category, recovers Phylogenetic rank as the best 
predictor for species richness within this group. The optimized RF model on the training 
dataset has mtry = 3 and ntree = 500. The estimated OOB error is 50 % while the actual 
accuracy when applying this model to test the dataset is 46.15 %. 
 
RF using a single best predictor within each group of variables (favored by preceding RF 
analyses) recovers Min male body size as the best predictor for species richness. Min male 
body size is followed by Max COI genetic distances, Geographic range and Phylogenetic 
rank. The optimized RF model on the training dataset has mtry = 3 and ntree = 1000. The 
estimated OOB error is 31.25 % while the actual accuracy when applying this model to test 
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Figure 15: Examples of Decision trees for selected predictor variables. Decision trees with specific 
combinations of variables (e.g. E) are the basic learning units of a Random forest. Note that this is just an 
example and holds no informative value for the thesis. 
Slika 15: Primeri odločitvenih dreves za izbrane kategorije spremenljivk. Odločitvena drevesa z 
določenim naborom spremenljivk (npr. E) so osnovne enote učenja v Random forest algoritmu. Opomba: Ta 
grafični prikaz je izključno informativne narave in nima vpliva na razlago rezultatov v disertaciji. 
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4.4.2 Multiple correspondence analysis 
 
MCA investigates the relations among five categorical variables: Min male body size, Max 
COI genetic distances, Geographic range, Phylogenetic rank and Species richness. MCA 
recovers eight dimensions to explain the total variability (inertia) of the data (Fig. 16). Of 
those eight, the first two dimensions are sufficient to explain 52.9 % of the total variability 
in the data (Dim 1 explains 31.2 %; Dim 2 explains 21.7 %). However, not all points are 
equally well represented in those two dimensions. The quality of representation, squared 
cosine or squared correlations (cos2), of the categories measures the degree of association 
between variable categories and a particular axis (dimension). The cos2 for our data (Fig. 
17) shows a good representation of most variable categories in the first two dimensions. 
Cos2 is a relative value, therefore the sum of a row in cos2 factor map (Fig. 17) is equal to 
one.  
 
Figure 16: Histogram of the percent of total variance each MCA dimension is able to explain. MCA 
recoveres the total of eight dimensions to explain the total variance contained in the dataset. However, to be 
able to visually interpret the results we must reduce the number of dimensions. An interpretable graphic 
representation of MCA results operates in two dimensions. Therefore, we proceed with the first two MCA 
dimensions which togenter explain 52.9 % of the total variance (inertia) within the data while the 47.1 % of 
the variance is lost.  
Slika 16: Stolpčni diagram z odstotki pojasnjene variance posameznih dimenzij MCA. MCA potrebuje 
osem dimenzij, da pojasni vso varianco v podatkih. Za kasnejše grafične razlage rezultatov, katere si je 
možno razlagati, je potrebno število dimenzij zmanjšati. Primeren grafični prikaz je dvodimenzionalen, kar v 
našem primeru pomeni, da bomo rezultate razlagali z 52,9 % variance (Dim 1 + Dim 2), medtem ko je 47,1 
% variance podatkov v tem primeru izgubljenih. 
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Figure 17: The quality of representation of variable categories within the first five MCA dimensions. 
Larger and darker circles represent better quality of representation of a variable category within a specific 
dimension using squared cosine or the squared correlations (cos2) values. Note that most of variables are 
well represented in the first two dimensions (but see “Geographic range 3”).  
Slika 17: Prikaz kvalitete zastopanosti spremenljivk znotraj petih dimenzij MCA. Večji in temnejši 
krogi predstavljajo bolj kvalitetno zastopanost (z uporabo kvadriranih korelacij cos2) kategorije 
spremenljivke v določeni dimenziji. Kategorije spremenljivk so v našem primeru dobro zastopane v prvih 
dveh dimenzijah, z izjemo “Geographic range 3”. 
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The MCA biplot (Fig. 18) shows a global pattern within the data. Rows (individuals) are 
depicted by points while columns (variable categories) are represented by triangles. The 
color gradient describes the cos2 quality of representation for both, individuals and 
variable categories in the two dimensions.  
 
 
Figure 18: Biplot, combining individuals (dots) and variable categories (triangles) in two MCA 
dimensions. The color gradient indicates the cos2 quality of representation for each data point. The distance 
between any two points on the biplot ia a measure of dissimilarity between them. Therefore, data with similar 
“profile” are closer together on the map (e.g. triangles for “high” species richness, “small” body size, “5” 
geographic range).  
Slika 18: Grafični prikaz kategorij spremenljivk (trikotniki) in posameznih podatkov (pike) v dveh 
dimenzijah MCA. Barvni gradient označuje kvaliteto zastopanosti (cos2) podatkov v dveh dimenzijah 
grafičnega prikaza MCA. Razdalja med katerimakoli dvema točkama je mera njune različnosti, torej so na 
grafičnem prikazu podatki s podobnimi lastnostmi bližje skupaj (npr. trikotniki za visoko “high” vrstno 
pestrost, majhno “small” telesno velikost, “5” velikost območja razširjenosti). 
 
Note that a few points, namely Geographic range 3, Stegodyphus and Filistata, are not very 
well represented by the first two dimensions. Therefore, the position of those points should 
be interpreted with some caution. The distance between any row points or between any 
column points gives a measure of their similarity (or dissimilarity). Distances between row 
and column points are usually incomparable due to their mathematical properties 
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(Greenacre, 1992), therefore, to make them comparable within the same plot, we 
transformed the row points to correctly reflect the column points with “map = 
rowprincipal” argument in “fviz_mca_biplot” function. Row points with similar profiles 
are merged on the biplot.  
 
The MCA biplot in the combination with Table 2 gives an idea to which pole of the 
dimensions the row (individuals) and column (variable categories) points actually 
contribute to. For example, it is evident, that small male body size, high species richness 
and broad geographic distribution (range 5) all contribute to the negative pole of DIM1, 
while big male body size, low species richness and “orto” phylogenetic rank contributes to 
the positive pole of DIM1. Similarly, “hap” phylogenetic rank and large COI genetic 
distances contribute to positive pole of DIM2 while low COI distances and “ent” rank 
contributes to the negative pole of DIM2. Moreover, we can observe highly similar profiles 
for small male body size, high species richness and broad geographic distribution (range 
5). On the other hand, Entelegyne spiders appear to have lower maximum COI distances 
compared to the other two phylogenetic ranks (“hap” and “orto”).  
 
Table 2: Coordinates of variable categories on the first and on the second dimension of the MCA 
(DIM1 and DIM2). 








Small body size -0.813 
 
Geographic range 4 -1.274 
High species richness -0.684 
 
Little COI distances -0.821 
Geographic range 5 -0.655 
 
Entelegynae phylogenetic rank -0.606 
Haplogynae phylogenetic rank -0.519 
 
Low species richness -0.338 
Entelegynae phylogenetic rank -0.399 
 
Geographic range 3 -0.17 
Little COI distances -0.065 
 
Big body size -0.123 
Large COI distances 0.055 
 
Geographic range 5 0.111 
Low species richness 0.624 
 
Small body size 0.112 
Geographic range 4 0.758 
 
High species richness 0.37 
Big body size 0.89 
 
Large COI distances 0.684 
Geographic range 3 0.925 
 
"Ortognatha" group 0.708 
Geographic range 2 1.398 
 
Geographic range 2 1.077 
"Ortognatha" group 1.452 
 
Haplogynae phylogenetic rank 1.086 
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The above patterns are even clearer on a MCA factor map (Fig. 19). Each panel of Figure 
19 represents a class of variable: A) Species richness, B) Minimum male body size, C) 
Geographic range, D) Maximum COI genetic distance and E) Phylogenetic rank. Within 
each panel, the variable category (column points) with confidence ellipse is presented. The 
individuals (row points) are colored according to the variable category they represent in 
each panel. Here (Fig. 19), the similarity of small male body size, high species richness 
and broad geographic distribution (5) profiles and their striking overlap of ellipses emerge, 
indicating a strong correlation between those three variable categories. Moreover, big 
maximum male body size and low species richness exhibit a similar profile, while narrow 
geographic range correlates with “orto” phylogenetic rank of spider. 
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Figure 19: MCA factor map for classes of variables. In MCA factor map, each panel (A-D) represent a 
class of variable. Within the panel, each individual point is colored by its variable category and each elipse 
represent the confidence interval for the positioning of the variable category within the two MCA 
dimensions. This allows for the visual comparison of “profiles” among variable categories. Note the very 
similar “profiles” of the “high” species richness, “small” body size and “5” geographic range, implying 
relationship among these variable categories. 
Slika 19: Grafični prikaz MCA za razrede spremenljivk. Vsak okvir (A-D) v tem grafičnem prikazu 
predstavlja razred spremenljivk. Znotraj vsakega okvirja so posamezni podatki pobarvani glede na njihovo 
pripadnost kategoriji spremenljivke. Elipse predstavljajo interval zaupanja za pozicijo kategorije 
spremenljivke v dveh dimenzijah MCA. Ta grafični prikaz omogoča vizualno primerjavo “profilov” kategorij 
spremenljivk in iz njega lahko razberemo zelo podobne “profile” za visoko “high” vrstno pestrost, majhno 
“small” telesno velikost, “5” velikost območja razširjenosti, kar namiguje na povezanost teh kategorij 
spremenljivk. 
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5.1 CHAPTER 1: BIOGEOGRAPHY OF THE CARIBBEAN CYRTOGNATHA SPIDERS 
 
We reconstruct the first Cyrtognatha phylogeny using molecular data from over 100 
individuals of this rarely collected group. Our results support Cyrtognatha as a relatively 
young clade, having diverged from a common ancestor with its possible sister genus 
Tetragnatha, in early- to mid-Miocene, and colonized the Caribbean in mid-Miocene. As 
we discuss below, these estimated ages, combined with the phylogenetic patterns, refute 
ancient vicariant explanations of their Caribbean origin, including the GAARlandia 
hypothesis. Instead, the pattern suggests colonization of Hispaniola, and subsequent 
dispersal to other islands. 
 
The all-terminal phylogeny (Fig. 2) reveals clear patterns of exclusively single island 
endemic (SIE) species. This holds true even for the three MOTUs on the Lesser Antilles 
island group, as they appear on Guadelupe, St. Lucia and Grenada (Annex A). Even in the 
absence of the oceanic barriers, i.e. within the larger islands, we find evidence of short 
range endemism (Harvey, 2002). While we do not claim to have thorough regional 
sampling, we find patterns of local endemism in regions where our sampling is particularly 
dense, providing the strongest test with available data. Many Caribbean spiders such as 
Spintharus (Dziki et al., 2015), Micrathena (McHugh et al., 2014) Selenops (Crews and 
Gillespie, 2010) and Nops (Sánchez-Ruiz et al., 2015), as well as other arachnid lineages 
such as Amblypygi (Esposito et al., 2015) and Pseudoscorpiones (Cosgrove et al., 2016), 
demonstrate a similar pattern. The distribution and quantity of SIEs depends on island 
properties such as maximum elevation, size, isolation and geological age (Whittaker et al., 
2008; Kallimanis et al., 2010; Steinbauer et al., 2012; Dalsgaard et al., 2014; Gray and 
Cavers, 2014). While our focus was not on the effect of physical properties of islands on 
SIEs, the patterns seem to point towards a higher number of SIEs on the islands with a 
higher maximum elevation: Hispaniola (3098 m) is occupied by 4 or 6 MOTUs (depending 
on the delimitation method), Jamaica (2256 m) by three MOTUs and all other islands (< 
2000 m) by a single MOTU. The Caribbean islands, with the exception of Hispaniola, also 
harbor exclusively monophyletic Cyrtognatha lineages. The most rigorous tests of island 
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monophyly would require thorough sampling within each island. However, if the patterns 
we observe represent biogeographic reality, we might explain this observed pattern with a 
combination of the niche preemption concept and organisms’ dispersal ability (Silvertown 
et al., 2005; Mwangi et al., 2007; Bellemain and Ricklefs, 2008). A combination of the 
first colonizer’s advantageous position to occupy empty niches and rare overwater 
dispersal events of their closely related species leads to competitive exclusion and lower 
probability for newcomers to establish viable populations on already occupied islands 
(Wiens, 1992; Esselstyn et al., 2011; Fukami, 2015). While niche preemption is better 
studied in plants, it is also applicable to animals, including spiders (Garb and Gillespie, 
2006; Losos and Ricklefs, 2009). 
 
Inferred dates indicate that Cyrtognatha most likely colonized the Caribbean through long 
distance overwater dispersal after the last hypothesized land connections. An ancient 
vicariant hypothesis would predict that the early proto-Antilles were connected to the 
continental America and were colonized in the distant past, possibly over 70 MYA 
(Hedges, 2001) and the GAARlandia landbridge putatively existed around 35-33 MYA. 
These hypothetical scenarios are not consistent with the dates reflected in our BEAST 
chronogram (Fig. 4) in which we estimate that the Caribbean Cyrtognatha split from its 
continental population as late as 15 MYA. This suggests that the genus Cyrtognatha is 
much younger than the most reasonable possible vicariant timeframe. While the estimated 
most recent common ancestral node is anchored by a single Central American 
representative, this inference is reasonable if our dating estimates are sound.  If more 
extensive sampling on the continent broke up Caribbean monophyly, this would be 
evidence of more frequent dispersal between the islands and the continents, but would not 
likely change our estimations of the age of this ancestral node.  More extensive sampling 
on the Caribbean could feasibly uncover Cyrtognatha taxa that share an older ancestor than 
that inferred from the Panamanian specimen, thus pushing back estimates of the timing of 
original colonization, however, given our relatively dense sampling on the Caribbean we 
think this unlikely.   
 
Although, as explained above, overwater dispersal is the likely scenario, the reconstructed 
biogeographic patterns do not directly refute vicariance. Indeed, the biogeographic 
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reconstruction (Figure 5) of a combined ancestral area Panama + Hispaniola at the 
Cyrtognatha root leaves the possibility of a vicariant interpretation. However, this 
reconstruction is unlikely to reflect reality, and may be an artifact of our sparse continental 
taxon sampling.  
 
Likewise, the alternative biogeographic reconstruction that omits the founder event (+J) 
(Annex G) is consistent with vicariant origins of all Caribbean subclades. However, in the 
context of known Caribbean geological events, vicariance is extremely unlikely, thus 
questioning the validity of this alternative biogeographic history. For example, biotas on 
Lesser Antilles could not have originated vicariantly with those from Hispaniola given the 
geological knowledge that Lesser Antilles are de novo islands of volcanic origin, and thus 
had to be colonized.  
 
There is further evidence that supports overwater dispersal in Cyrtognatha. First, the 
Jamaican lineage split from the one on Hispaniola soon after colonization of the Caribbean 
even though Jamaica was never a part of the proto-Antilles, and was thus never physically 
connected to Hispaniola. Secondly, Puerto Rico was a part of the proto-Antilles but was 
colonized only recently (4.8 MYA). The results of Jamaican and Puerto Rican colonization 
from Hispaniola thus are most consistent with a scenario of colonization by overwater 
dispersal.  
 
The mid-Miocene (ca. 15 MYA) is considered as the start of the modern Earth (Pound et 
al., 2012) in that the climate began to stabilize and the ocean currents started to take their 
current form. This combination of events enabled the colonization of the Caribbean islands 
from eastern-northern parts of South America for example via vegetation rafts passively 
drifting with water currents (Ketmaier et al., 2006). That also meant that the wind 
directions and the hurricane paths most likely resembled those of today (Quan et al., 2015), 
from East to West direction (Andraca-Gómez et al., 2015). In fact, hurricanes may create 
numerous dispersal/colonization opportunities, especially for the organisms with poor 
active dispersal abilities (Censky et al., 1998; Hedges, 2001). Wind directions and tropical 
storms are relevant for tetragnathid spiders like Cyrtognatha that disperse by ballooning 
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and could facilitate their colonization of the Caribbean islands in a stepping stone (Gilpin, 
1980) or leap-frog (Baskin and Williams, 1966) manner.  
 
With the examination of the relationships in the time calibrated phylogeny (Fig. 4), a 
colonization of the Caribbean from the continental America may have occurred sometime 
between 10.5 and 20.7 MYA. The most likely scenario indicates the original colonization 
of the Greater Antilles (Hispaniola; Fig. 5). Such patterns of colonization of Greater 
Antilles in Miocene are also evident in many other lineages including vertebrates, 
invertebrates and plants (Dávalos, 2004; MacPhee, 2005; Hedges, 2006; Iturralde-Vinent, 
2006; Reynolds et al., 2013; Fabre et al., 2014; Pyron and Burbrink, 2014; Cervantes et al., 
2016; Si et al., 2017; Tucker et al., 2017). More rigorous tests of Cyrtognatha monophyly, 
as well as the number and directionality of colonization pathways onto the Caribbean, 
would require more thorough sampling across potential source populations on the 
mainland.  
 
Our inference of ancestral ranges proposes an early within island diversification of 
Cyrtognatha ancestors occupying Hispaniola and predict that Hispaniola is the ancestral 
area for all Caribbean clades (Fig. 5). The path of colonization does not resemble a 
straightforward pattern such as the stepping-stone pattern. The colonization sequence 
seems more random or resembles a “leap-frog” pattern. In our case the clear example of 
island being “leap frogged” is Puerto Rico. A leap frog pattern could indicate a role of 
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5.2 CHAPTER 2: GLOBAL BIOGEOGRAPHY OF TETRAGNATHA SPIDERS 
REVEALS MULTIPLE COLONIZATION OF THE CARIBBEAN 
 
We reconstruct multiple Tetragnatha phylogenies from over 300 individuals of this diverse 
genus. Our results support the monophyly of the four-jawed spiders but reject the 
monophyly of the Caribbean Tetragnatha. In the Caribbean, we find low levels of 
endemism yet high diversity within Tetragnatha, an unusual pattern considering other 
spider biogeographic research in the Caribbean (Crews et al., 2010; Junxia Zhang and 
Maddison, 2012; McHugh et al., 2014; Dziki et al., 2015; Sánchez-Ruiz et al., 2015; 
Agnarsson et al., 2016, 2018; Chamberland et al., 2018). The time calibrated phylogenetic 
reconstruction allows for an early overwater colonization of the Caribbean by Tetragnatha 
spiders. Moreover, the combination of chronogram and biogeographic history 
reconstruction refute the possibility of ancient vicariant origins of Caribbean Tetragnatha 
while favoring overwater dispersals rather than the use of GAARlandia land-bridge to 
reach Caribbean islands. Biogeographical stochastic mapping recovered multiple 
colonization events to the Caribbean and evidence of ‘reverse colonization’ from islands to 
continents, since mid-Eocene to late-Miocene. As we discuss below, our results, when 
compared with other lineages with known biogeographic histories in the Caribbean, 
suggest a unique dispersal history of Tetragnatha, combining excellent dispersal ability of 
the lineage as a whole with subsequent reduction or loss of that trait in individual clades 
through evolutionary history, as also seen e.g. in Hawaiian Tetragnatha (Gillespie et al., 
1997, 2012). 
 
Caribbean Tetragnatha are not monophyletic  
Our phylogeny (Fig. 6) supports Tetragnatha monophyly, and provides a critical 
checkpoint for reliable estimation of MOTUs. However, combining our results with 
previously collected data is limiting, due to the lack of overlapping 28S data on GenBank. 
The comparison of this “local” phylogenetic reconstruction, involving exclusively 
Caribbean species, with the more taxon-rich, global phylogeny, highlights the importance 
of providing a global context to studies of Caribbean biogeography. While “local” 
relationships from Figure 6, based upon our sampling, are well supported and appear to tell 
a clear story, the picture changes drastically with the additional globally distributed 
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species. Namely, the all-terminal phylogeny (Fig. 7) recovers a complex and mixed pattern 
in which single island Caribbean endemic species are phylogenetically scattered with other 
species, some of which are geographically distant. Overall, Caribbean Tetragnatha species 
do not form a clade. This Caribbean non-monophyly strongly hints at multiple colonization 
events of Tetragnatha to the archipelago. Moreover, the phylogeny did recover a single, 
small-scale, radiation of Caribbean Tetragnatha (the clade with SP3, 5, 9 and 13). This 
combined pattern suggests that at least some Tetragnatha species maintain relatively high 
levels of gene flow within and among the islands, as well as between the archipelago and 
the continents that serve as source populations. Others, however, seem to have secondarily 
lost this dispersal potential and form narrow range endemics. Similarly, researchers 
observed a lack of large monophyletic radiations of birds on the Caribbean (Ricklefs and 
Bermingham, 2008), that are otherwise well documented in bird lineages from more 
remote archipelagos such e.g. Darwin’s finches on the Galapagos (Grant and Grant, 2002) 
and Hawaiian honeycreepers (Lovette et al., 2002). On the other hand, the Caribbean 
island system does harbor its own exemplary, large, monophyletic radiation of Anolis 
lizards albeit a lineage with lower dispersal abilities than birds (Hass et al., 1993; Losos 
and Schluter, 2000; Glor et al., 2004). As it appears, the dispersal abilities of taxa must be 
‘coordinated’ with isolation of an island or archipelago to provide the right conditions for 
an adaptive radiation (Ricklefs and Bermingham, 2008). 
 
Biogeographic history of Caribbean Tetragnatha 
Three hypothetical scenarios of Caribbean colonization are commonly reported. The first 
scenario, an ancient vicariant hypothesis, assuming the colonization of proto-Antilles as 
early as 70 MYA (Hedges, 2001), is refuted by our chronogram (Fig. 8). We estimate that 
Tetragnatha could have appeared on the Caribbean as early as 46 MYA, although more 
recent estimates are likelier (Figs. 8 and 9). Therefore, the ancestral vicariance hypothesis 
receives no support by our data, because the scenario would predate our time estimates by 
roughly 30 million years, or more.  
 
The second scenario assumes that non-marine organisms could have used the exposed 
land-bridge called GAARlandia to reach the Caribbean. GAARlandia, connecting the 
Greater Antilles with South America, possibly existed between 33 and 35 MYA (Iturralde-
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Vinent and MacPhee, 1999; Ali, 2012). While some research find support for colonization 
of the Caribbean via GAARlandia for diverse group of lineages e.g. fishes (Říčan et al., 
2013), frogs (Alonso et al., 2012), mammals (Dávalos, 2004), invertebrates (Binford et al., 
2008; Matos-Maraví et al., 2014; Dziki et al., 2015) and even plants (Fritsch, 2003; van Ee 
et al., 2008) but see (Nieto-Blázquez et al., 2017), we do not find evidence that would 
support the use of GAARlandia land bridge by Tetragnatha. Both, our chronogram and 
scattered phylogenetic pattern of Caribbean Tetragnatha, disagree with such scenario. 
Likewise, the pattern detected in our earlier study on Cyrtognatha, also refuted 
GAARlandia, but in that case the lineage was decisively too recent (Čandek et al., 2018a). 
 
The third scenario involves overwater dispersal by terrestrial organisms to reach the 
Caribbean islands (Ricklefs and Bermingham, 2008). According to our time estimates (Fig. 
8) and biogeographic history reconstruction (Fig. 9) we conclude that this scenario best 
explains our data. Tetragnatha (SP15) could have colonized the Caribbean as early as mid-
Eocene, soon after the emergence of the first Caribbean islands between 40 - 49 MYA 
(MacPhee and Grimaldi, 1996; Iturralde-Vinent and MacPhee, 1999; Graham, 2003). Our 
phylogenetic (Figs. 7 and 8) and biogeographic (Fig. 9) history reconstructions suggest, 
that Tetragnatha repeatedly, and independently, colonized the Caribbean until mid-
Miocene. Moreover, Tetragnatha biogeographic pattern within the context of the 
geological history of the Caribbean islands does not support a so called ‘progression rule’, 
a pattern where successive colonization of younger islands is correlated with cladogenesis 
(e.g. Tetragnatha on Hawaii; (Shaw and Gillespie, 2016)).  
 
Evidence of multiple colonization events is strongly supported by our biogeographical 
stochastic mapping (BSM) analysis (Supplementary animation 1, Fig. 10). Simulating 
biogeographic histories with BSM is a suitable approach to estimating the average number 
and directionality of biogeographic events in a studied area (Dupin et al., 2017). Within the 
scope of our analysis, we estimated that on average over eight founder events may have 
taken place to the Caribbean. Moreover, over nine times Tetragnatha species arrived to the 
Caribbean without subsequent speciation (anagenetic event of range expansion). Caribbean 
Tetragnatha also show evidence of reverse-colonization from islands to the mainland, 
likely with two range expansions and up to two founder events (Fig. 10, Table 1). 
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Reconstructed biogeographic history of Caribbean Tetragnatha, is distinct from 
biogeographic patterns of Tetragnatha on other well studied archipelagos. Marquesas 
islands were probably colonized once (Gillespie, 2002), while Society islands have been 
colonized at least twice (Gillespie, 2002). On these remote Pacific archipelagos, 
Tetragnatha underwent monophyletic adaptive radiation although on a much smaller scale 
than Tetragnatha on the Hawaiian archipelago (Gillespie et al., 1994, 1997). Tetragnatha 
colonized Hawaii between two and four times (with two possible reverse-colonization 
events) and the subsequent adaptive radiation(s) resulted in at least 38 species (Casquet et 
al., 2015). On the other hand, the geographically less remote Mascarene islands in the 
Indian ocean, were colonized three times but did not undergo any adaptive radiation 
(Casquet et al., 2015). Considering the above examples, Caribbean Tetragnatha 
biogeographic pattern reveals (a) exceptionally high rates of colonization (and reverse-
colonization), (b) relatively low levels of endemism, (c) generally more complex, 
phylogenetically scattered, species composition, and (d) relatively high species richness 
(only exceeded by Hawaii), compared to Tetragnatha from other archipelagos. It seems 
that the Caribbean offers a unique evolutionary arena, unlike any other. 
 
Tetragnatha dispersal abilities 
Our all-terminal phylogeny (Fig. 7), representing a global picture of Tetragnatha, recovers 
well-supported cases where Caribbean species group with geographically distant taxa, e.g.  
Tetragnatha SP15 from Hispaniola + Tetragnatha lauta from Asia; T. SP4 from Jamaica + 
T. macilenta from Oceania; T. SP12 from Hispaniola and Puerto Rico + T. rava from 
Oceania. Our taxon sampling may have omitted numerous intermediate species that may in 
fact group within these small but wide ranging clades. Nonetheless, these well-supported 
nodes may hold. Similar to our case, researchers found that Tetragnatha species amongst 
Pacific archipelagos (Marquesas, Society and Hawaiian) were geographically closer but 
phylogenetically more distant relatives than those between an archipelago and the 
mainland (Gillespie, 2002). 
 
The extreme geographic distances (over 10,000 km) between pairs of closely related 
species in our phylogeny (Fig. 7), as well as often wide to cosmopolitan distributions of 
Tetragnatha species, together imply that Tetragnatha must contain numerous species with 
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extraordinary dispersal abilities. On the other hand, the recurring pattern of single island 
endemism in Tetragnatha hints at evolutionary changes in this dispersal potential where 
certain species or clades within Tetragnatha secondarily have limited dispersal ability. The 
Tetragnatha as a genus thus exhibits high dispersal abilities and at the same time high 
intrinsic property to quickly adapt and diversify, having a “super-speciator” attributes 
(Linck et al., 2016; Pedersen et al., 2018).  
 
To construct a more general picture of Tetragnatha dispersal ability, we compared 
biogeographic patterns of the Caribbean Tetragnatha with those of other Caribbean 
lineages of known biogeography and their estimated dispersal abilities in the theoretical 
context of the intermediate dispersal hypothesis model (IDM) (Claramunt et al., 2012; 
Agnarsson et al., 2014). In all cases, local (Caribbean) as well as global species richness of 
Tetragnatha is greater than in other genera with putatively poor dispersers such as: 
Cyrtognatha (Čandek et al. 2018a), Deinopis (Chamberland et al., 2018), Micrathena 
(McHugh et al., 2014), Loxosceles and Sicarius (Binford et al., 2008), Spintharus (Dziki et 
al., 2015; Agnarsson et al., 2018), Selenops (Crews and Gillespie, 2010). Moreover, 
attributes associated with putatively poor dispersers such as high levels of single island 
endemism and low numbers of colonization events are not reconstructed in the case of 
Caribbean Tetragnatha.  
 
However, Caribbean Tetragnatha also show strikingly different patterns than spider genera 
of putatively excellent dispersal ability, such as Nephila (Kuntner and Agnarsson, 2011) 
and Argiope (Agnarsson et al., 2016). Nephila is distributed across the whole Caribbean 
archipelago but is represented by a single species, N. clavipes. Although several species of 
Argiope occupy the Caribbean, the most widespread is A. argentata (a recently discovered 
cryptic species A. butchko used to be A. argentata in part) (Agnarsson et al., 2016). This 
comparison, in addition to the previous comparison with putatively poor dispersers, reveals 
a much higher local (Caribbean) and global species richness in Tetragnatha than in 
Nephila or Argiope. Moreover, the biogeographic pattern with the combination of rare 
founder events, low number of widely distributed species, and extremely low endemism, 
all associated with an excellent dispersal ability, are not reconstructed in the Caribbean 
Tetragnatha. Tetragnatha is an excellent disperser, but appears to readily respond to 
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natural selection upon colonizing island, which may render individual species to change 
their dispersal behavior and become locally endemic. While a direct test of the IDM would 
require consideration of three categories of dispersers, four-jawed spiders do not readily fit 
one of these three a priori definitions. Instead, they represent a more complex combination 
of attributes of a ‘dynamic disperser’. 
 
Haplotype and cryptic species 
Our analyses uncovered three distinct haplotype groups (A, B, C, Fig. 11) separated by 34 
mutations in Tetragnatha SP2. Even though our ABGD delimitation analysis grouped them 
together, a closer examination reveals three potential cryptic species, requiring further 
morphological examination. Haplotypes from distinctively different groups (e.g. A and C) 
appear on the same island, but apparently do not intermix, a pattern that strongly indicates 
either an ongoing, or a completed speciation. In comparison, haplotype reconstruction of 
Argiope argentata and a cryptic species A. butchko (Agnarsson et al., 2016) had 23 
mutations separating them while we detected 20 mutations between A and B groups (14 
between B and C; 34 between A and C), further indicating the presence of cryptic species 
within Tetragnatha SP2.  
 
A confirmation of cryptic species would call for an investigation of other widely 
distributed Tetragnatha species while further increasing the number of Tetragnatha species 
in the Caribbean to 28. Species richness of the Caribbean Tetragnatha is therefore much 
higher than that of another member of Tetragnathidae family, Cyrtognatha (~28 vs 11-14; 
Čandek,  et al., 2018a). Given that these genera are closely related, and co-distributed in 
parts of the region, the differences in species richness, as well as biogeographic patterns 
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5.3 CHAPTER 3: CARIBBEAN GOLDEN ORBWEAVING SPIDERS MAINTAIN 
GENE FLOW WITH NORTH AMERICA 
 
Our analyses reveal a phylogenetic and population genetic structure of T. clavipes 
consistent with a single species over the Caribbean. While T. clavipes is monophyletic, 
species delimitation analyses detect more than a single species over the Americas. Using 
the best fit model, GMYC delineates two species (marked as A and B in Fig. 12). Species 
A contains a dichotomy with a subclade containing the Caribbean and mainland North 
American populations, and a subclade with Colombian and Costa Rican populations. 
Species B is native to South and Central America. While species delimitations using 
ABGD agree with the two species, alternatives exist. More precisely, mPTP and some 
ABGD suggest more than two species. However, these alternatives are less credible 
because they also suggest unrealistic species lumps of morphologically well-diagnosed 
species on other continents, such as T. komaci and T. sumptuosa being detected as a single 
species. Our conclusion that T. clavipes may in fact contain more than a single, 
Panamerican species, contradicts the classical morphological taxonomy (Kuntner, 2017) 
but is consistent with a population genetic study in South America (Bartoleti et al., 2018). 
Moreover, haplotype network (Fig. 13) is consistent with two or three species of T. 
clavipes. It also strongly suggests that the Caribbean populations maintain gene flow with 
the North American mainland.  
 
These data reinforce the known biology of Trichonephila species as excellent dispersers. 
Although ballooning has not been directly observed in Trichonephila, it has been shown in 
the closely related and similar Nephila (Lee et al., 2015). Ballooning is an effective means 
of overcoming oceanic and continental barriers to gene flow, as several studies on Asian 
Nephila pilipes show (Lee et al., 2004; Su et al., 2006; Lee et al., 2015). More close 
relatives of T. clavipes also show extremely wide, genetically poorly structured population 
patterns worldwide. Good examples are T. inaurata that maintains gene flow between 
Africa and the islands of the Western Indian Ocean (Kuntner and Agnarsson, 2011), as 
well as T. edulis and T. plumipes reported to travel seasonally from Australia to New 
Zealand (Harvey et al., 2007). There also seems to be a constant gene flow between the 
Korean and the Japanese populations of T. clavata (Jung et al., 2006). 
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Trichonephila clavipes resembles the Caribbean pattern detected in the araneid Argiope 
argentata where island populations clearly interbreed (Agnarsson et al., 2016). At a higher 
taxonomic level and within the area of interest, the Caribbean Trichonephila contrasts the 
two tetragnathid lineages: Cyrtognatha is a relatively poor to intermediate disperser with 
significant species richness and high endemism, Tetragnatha is a dynamic disperser 
lineage, with species apparently ranging from extremely good to relatively poor, and shows 
a high species richness and a mixed endemic to widespread mix of species. Trichonephila 
is an excellent disperser with a single species over the archipelago. Although Tetragnatha 
is an unusual case with apparently frequent evolutionary chance in dispersal potential, this 
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5.4 CHAPTER 4: SMALLER BODY SIZE PREDICTS HIGHER SPECIES RICHNESS 
IN SPIDERS 
 
In the search for the best predictor of species richness in 45 spider genera that represent a 
compromise between the phylogenetic and biological breath of spiders and the available 
data, we assess 22 potential predictors form their morphological, genetic, geographic, 
ecological and behavioral landscape. The results from the Random forest (RF) analyses 
suggest that body size, or more specifically, the minimum male body size, predicts species 
richness best. The results from the Multiple correspondence analysis (MCA) confirm this 
RF outcome by recovering a positive relationship between small male body size and higher 
species richness. Moreover, MCA suggests that a wide geographic distribution of 
congeneric species is positively associated with higher diversity within that genus. These 
results also show that genera from phylogenetically older groups of spiders are species 
poorer. Somewhat surprisingly, given the nuances of spider biology, we find that 
ballooning and sexual size dimorphism cannot predict species richness. While the detected 
association among variables do not imply causality, our results nonetheless find a certain 
predictability of species richness patterns. 
 
Small body sizes are sometimes correlated with higher species richness of a clade (Valen, 
1973; Gittleman and Purvis, 1998), a pattern also recovered in our study on spiders (Figs. 
14, 18 and 19). Arguably, certain features that co-vary with size, if not organismal size 
itself, might be the critical drivers of variability in species richness among lineages of 
comparable ranks. Such factors that relate with small body size include higher metabolic 
rates (Glazier, 1987; Gillooly et al., 2005), higher reproductive rates (Marzluff and Dial, 
1991), the need for fewer resources (Valen, 1973) or the combination of limited dispersal 
capabilities, low physiological tolerances, and consequentially more fragmented ranges of 
smaller organisms (Gaston and Blackburn, 1996; Wollenberg et al., 2011). At least the 
latter combination of factors is highly unlikely in spiders as genera with small 
representatives readily disperse with ballooning and are commonly distributed over broad 
geographic ranges (Bell et al., 2005; Entling et al., 2010; Foelix, 2011). Our analyses 
suggest that the minimum male body size within a genus best predicts species richness, but 
this feature does correlate with most other body size variables. Therefore, we generalize 
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these results to mean that small body sizes in spiders (not only in males), associate 
positively with higher species richness. This generalization allows for a broader 
explanatory power.  
 
Even though the RF results favor minimum male body size to best predict species richness 
(Fig. 14), MCA reveals additional details regarding other predictor variables. Namely, a 
broad geographic distribution (range 5) shows a similar profile to high species richness, as 
well as small body size, in the two dimensions of the MCA (see their clustering in upper 
left quarter of Fig. 18; also Fig. 19A-C). On the other hand, smaller geographic ranges (2, 
3 and 4) are associated with lower species richness (Figs. 18 and 19). Small geographic 
ranges can potentially facilitate extinction rates and consequently help decrease diversity 
(Cooper et al., 2008). The extinction rates are even faster for organisms with the 
combination of restricted geographic range, lower fecundity and bigger body size 
(McKinney, 1997; Purvis et al., 2000). This agrees with our pattern where spider genera 
with bigger body size tend to be species poor, and have generally narrower geographic 
distribution. 
 
The next pattern, recovered by the MCA, shows that phylogenetic rank could have some 
potential in predicting species richness, even though this was not detected by the RF. The 
group that we refer to as “Ortognatha” (this unites, in paraphyly, the clades Mesothelae, 
the most primitive branch of spiders, and Mygalomorphae) is phylogenetically older (Bond 
et al., 2014; Garrison et al., 2016), and species poorer compared with the “Haplogynae” 
and “Entelegyne” spider clades. The Entelegyne and Haplogynae categories, however, do 
not show significant differences in species richness of containing genera. This shortage of 
differences between Entelegyne and Haplogynae categories is likely what reduced the RF 
prediction power. Combining those two categories into “Araneomorphae” (a true clade) 
would likely increase RF accuracy. On the other hand, combining these categories 
diminishes the total information within the data and might mask relationships of those 
variable categories with others (e.g. with max COI distances (Fig. 19).  
 
The debate whether or not clade age has a direct effect on species richness is unresolved 
(Stephens and Wiens, 2003; McPeek and Brown, 2007; Rabosky, 2009; Rabosky et al., 
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2012; Hedges et al., 2015; Marin and Hedges, 2016). The effect of the time-for-speciation 
might produce such conflicting results due to tendencies of research to focus too broadly 
on taxa of incomparable ranks (Sánchez-Reyes et al., 2017). Although older clade age 
alone should in theory increase species richness (Stephens and Wiens, 2003; Bloom et al., 
2014), the balance between speciation and extinction rates are much more delicate 
(Rabosky, 2009). The combination of larger body size, longer generation time and 
geographically restricted distribution of organisms all theoretically decrease species 
richness and counter the “time for speciation effect” (McKinney, 1997; Purvis et al., 2000). 
This latter combination of factors might be relevant for the observed pattern in our case. 
The genera within “Ortognatha” are geographically more restricted, generally bigger, have 
longer generation times and are species poor compared to the genera within 
Araneomorphae (Coddington and Levi, 1991; Bond et al., 2012, 2014; Xu, Liu, Chen, Li, 
et al., 2015; Mason et al., 2018). However, the observed pattern does not imply causality 
but rather uncover some predictive value for species richness in phylogenetic ranks 
variable category.  
 
Finally, COI genetic distances do not appear to be associated with either high or low 
species richness. While the RF does recover some predictive value in Max COI distances, 
categorical COI distances data in MCA bear no correlation with the species richness of the 
studied genera. Rather than the correlation of COI distances with species richness, here we 
observe that genera within Entelegyne spiders generally have lower maximum COI 
interspecific distances than genera within Haplogyne and “Ortognatha” groups of spiders 
(Figs. 18 and 19D, E). Moreover, we have found that COI distances strongly depend on 
taxonomic groups and practices in our previous study on DNA barcoding (Čandek and 
Kuntner, 2015). Therefore, COI distances might contain more information than we 
recovered, calling for similar but more genetically focused research in the future.  
 
Given what we know of spider biology, we find it surprising that ballooning, behavior 
associated with dispersal abilities in spiders, cannot predict species richness. Many spider 
species with high dispersal abilities, use ballooning to travel across large distances and to 
colonize remote islands (Gillespie et al., 1994; Bell et al., 2005; Garb and Gillespie, 2006). 
Based on our own previous work and numerous scientific literature, we know that dispersal 
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ability importantly shapes biodiversity (Claramunt et al., 2012; Kissling et al., 2016; 
Čandek,  et al., 2018a, 2018b; 2018c; Pedersen et al., 2018). Therefore, either dispersal 
ability, within the constraints of our study design, cannot predict species richness or, more 
likely, ballooning alone is not a good proxy for dispersal ability. Likewise, it may be 
surprising that sexual size dimorphism cannot predict species richness. SSD is a 
phenomenon of extreme size differences between the sexes, and is highly pronounced in 
certain groups of spiders, notably orbweavers (Kuntner et al., 2015). These highly 
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5.5 GENERAL DISCUSSION ON THE RESEARCH DESIGN OF THE THESIS  
 
Throughout the thesis we explored biological questions pertaining to dispersal abilities, 
species richness, species distributions, and biogeographic histories of lineages. Our 
research resulted in four scientifically sound chapters, each with its own set of goals and in 
depth analysis of a topic or a lineage biogeography. However, through the course of my 
PhD study, we adapted, modified and improved some of our original ideas that proved 
imprecise. Below, we discuss which of our initial scientific approaches proved 
problematic, the specific difficulties we faced, and modifications we made to overcome 
them. 
 
We first singled out members of the Tetragnathidae family from a large collection of 
spiders, that we and our research partners acquired under the scope of a large scale CarBio 
project (http://www.islandbiogeography.org/). For this set of individuals, we obtained 917 
original COI sequences and combined them with 190 public COI sequences from GenBank 
(one sequence per species. In the cases where species were unknown (labeled sp.) all 
sequences were included; accessed July 2014). Our biggest Tetragnathidae dataset thus 
contained 1,107 individuals, each represented by COI molecular data. While large datasets 
including all or most members of high taxonomic ranks (e.g. families) have numerous 
benefits in understanding evolutionary relationships, they can perform quite poorly at 
phylogenetic analyses with insufficient molecular data. That became evident through our 
attempts to reconstruct a population level phylogeny of Tetragnathidae with 1,107 
terminals, using only COI genetic data. We were unable to reconstruct a well-supported 
Bayesian phylogeny, could not obtain adequate ESS scores, and MCMC chains failed to 
reach convergence for multiple parameters. For example, a MrBayes run with 200 million 
MCMC generations, using GTR+I+G as nucleotide substitution model, required two runs 
of 168 working computer hours on a scientific supercomputer (CIPRES, San Diego) to be 
completed. However, even with such massive computational effort, MCMC chains did not 
converge and thus the phylogenetic reconstruction was unreliable. Using simpler 
nucleotide substitution models such as HKY or JC69 (despite them being less suitable, 
according to the preliminary analyses with jModelTest) did not significantly improve the 
results of Bayesian phylogenetic reconstruction. We also performed Maximum Likelihood 
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phylogenetic analyses with 100 bootstrap replicates on our broadest dataset, but the results 
were again not credible. After several different attempts to solve this problem, we 
concluded that COI genetic data alone were insufficient to reconstruct (deep) phylogenetic 
relationships within a dataset of this size. While COI data might perform better if such a 
large number of terminals belongs to the same species (like in population studies) or 
perhaps to the same genus, it is not suitable for phylogenetic analysis of terminals scattered 
within a group of higher taxonomic rank (family). 
 
In relation to this problem, we faced difficulties in the initial determination of MOTUs. 
Multiple popular species delimitation methods (PTP, mPTP, GMYC and their variants) 
require a reliable phylogeny to correctly delineate species, a feature we could not provide, 
as explained above. However, we found ABGD to be a very robust species delimitation 
method that performed well even with 1,107 individuals within a family rank and 
estimated at least 56 and at most 68 MOTUs. Based on those estimated MOTUs we 
obtained 122 nuclear 28S sequences to be used for a species level phylogeny, representing 
from 52 to 64 of the estimated MOTUs. Four MOTUs (estimated based on COI sequences) 
failed to be sequenced by Macrogen in three separate attempts. 
 
The species level phylogenetic reconstruction of the complete Caribbean Tetragnathidae 
dataset (122 sequences of 28S + COI) produced better supported results compared to the 
population level analysis, but remained of limited utility (Annex V). While MCMC chains 
converged and statistical parameters improved, our prior knowledge and reviewed 
literature on evolutionary relations within Tetragnathidae casted significant doubt on the 
relationships suggested by our species level phylogeny. For example, our results recovered 
Leucauge as paraphyletic, inclusive of Tetragnatha, a topology of little credibility, never 
supported by the literature. Similarly at odds with published research, our species level 
phylogeny excluded Homalometa from the Tetragnathidae family, thus questioning 
Tetragnathidae monophyly. 
 
Considering the adversities described in the above paragraphs, we shifted our focus from 
the entire family to specific genera. This enabled us to run reliable, detailed analyses and 
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produce quality results with relevant biological information for lineages of interest and for 
general understanding of biogeography (Chapters 1-3). 
 
Throughout the thesis we often referenced the IDM and dispersal ability. Accordingly, we 
first split Caribbean tetragnathid genera into three categories, based on the geographic 
distribution of their species – poor, intermediate and excellent dispersers. More 
specifically, the higher the number of islands a genus (represented by its species/MOTU) 
inhabits, the higher the category of dispersal ability. We then correlated these three groups 
with genus species richness and interpreted the results in light of the IDM. However, this 
approach had a few major flaws. First, we expected field collection to yield representatives 
of more tetragnathid genera than it did. Second, there were immense biases in the number 
of individuals collected per genus (e.g. over 300 for Tetragnatha and 2 for Meta) and third, 
all well-sampled genera were represented by at least one species/MOTU on every island. 
Therefore, such approach had no informative value and correlating dispersal categories 
with four to six reliable data points was not appropriate. 
 
Again, we shifted our focus to detailed analyses of those genera that were well represented 
in the dataset and about which we had some prior knowledge regarding their species’ 
distribution and dispersal ability. We selected Tetragnatha because it superficially exhibits 
attributes of an intermediate disperser and its species, on average, occupy an intermediate 
number of Caribbean islands. Next, we selected Cyrtognatha because it superficially 
exhibits attributes of a poor disperser and its species, on average, occupy a very small 
number of islands. Lastly, we selected Trichonephila (Nephilidae) because we knew 
previously it is an excellent disperser, its (presumably) single species occupies every 
Caribbean island, and it complemented the other two genera under the theoretic frame of 
IDM. We selected a nephilid genus because we were not able to identify a genus with 
attributes similar to Trichionephila within Tetragnathidae. Then, rather than interpreting 
results of unsuitable correlations, we focused on the descriptive relationships between 
reconstructed biogeographic patterns, species distribution, species richness and putative 
dispersal abilities (Chapters 1-3). 
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However, as seen in the results and discussion of the first three chapters, simply classifying 
species (or higher taxonomic ranks) into different categories of dispersal ability is an 
oversimplification. We found that Tetragnatha does not fit one of the a priori ranks of the 
IDM but rather represents a “dynamic” disperser, with immense internal potential for 
adaptive speciation and shifts in dispersal potential. Cyrtognatha might exhibit similarities 
with other spiders of putatively poor dispersal ability but is relatively species rich and able 
to cross oceans by long-distance dispersal, thus resembling a hypothetical intermediate 
disperser to some degree. Moreover, given enough ‘time to speciate’, Trichonephila might 
undergo evolutionary change in dispersal propensity and its biogeographic pattern might 
eventually resemble that of Tetragnatha more. All things considered, dispersal ability of 
species, or even a form of averaged dispersal potential that can be attributed to a higher 
taxonomic rank such as genus, are more complex than the three categories of the IDM. 
Dispersal potential of taxa is a continuous trait rather than composed of a few discrete 
categories, is particularly hard to quantify in the biogeographical sense of dispersal and is a 
trait susceptible to evolutionary change. 
 
Finally, we performed a few modifications of the original design of the fourth chapter. Our 
initial aim was to investigate variation among geographic distributions for up to 50 
selected spider species using dispersal related traits from their morphological, genetic, 
ecological and behavioral landscape. However, such approach soon proved to be 
ineffective for several reasons. If one attempts to analyze a diverse set of attributes (e.g. 
with/without webs, with/without ballooning behavior, endemic/widespread distribution) 
using a manageable number of data points, one will be forced to choose only a few or only 
one species from each genus. However, selecting a small subset of data from an extremely 
large and variable dataset leads to unintentional but inevitable “cherry picking”. For 
example, one could happen to select a cosmopolitan species like Tetragnatha nitens and 
argue that a specific parameter is associated with an extremely wide distribution. On the 
other hand, one could happen to select an endemic Caribbean species (e.g. T. SP11) with 
nearly identical attributes and argue that the same attributes are responsible for a limited 
geographic distribution of the species. Moreover, selecting both such species would lead to 
high levels of ‘noise’ in the data, while selecting multiple congeneric species with similar 
distribution would lead to confirmation bias. Therefore, the aforementioned approach to 
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explaining variation in geographic distribution should be strongly limited in the number of 
variables (e.g. only investigating ballooning), highly focused (e.g. investigating a single 
genus or comparing a few genera with a diverse but manageable set of species) or 
performed on a higher taxonomic rank than species. 
 
All things considered, in Chapter 4, we opted to carry out an analysis on a higher 
taxonomic rank, retaining variables and spider diversity while fitting the attribute values to 
the genus rank. However, the genera for which we obtained a full set of variable values 
were usually widely distributed. Charismatic and widespread species (and hence genera) 
have much higher data availability and published research. Due to this intense skewness of 
geographic distribution towards widespread genera and skewed literature availability, we 
decided to explore which attributes best explain variation in species richness (i.e. the 
dependent variable). Explaining variation in species richness using morphological, genetic, 
ecological and behavioral traits as well as geographic range has sounder biological 
reasoning and is seen numerous times in the literature (see literature review in Chapter 4). 
Finally, after exploring numerous statistical approaches to complex data, we opted for the 
Random forest and Multiple correspondence analysis, described in Chapter 4. We used 
these two approaches to minimize data loss and data transformation. Moreover, such 
approaches using machine learning statistic are relatively novel and have a great potential 
to uncover some general biological mechanisms if applied to larger, specific datasets. 
Chapter 4 could serve as a template for future studies. 
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Our phylogenetic analysis of the tetragnathid spider genus Cyrtognatha facilitates 
reconstruction of its biogeographic history in the Caribbean. The ancestor of this relatively 
young lineage appears to have colonized the Caribbean overwater in the Miocene and 
further diversified into an exclusively single island endemic biogeographic pattern seen 
today. Further sampling of these rarely collected spiders in continental America is needed 
to confirm the timing, number and source of colonization of the Caribbean and to contrast 
those from other Caribbean spider clades. For example, Spintharus (Dziki et al., 2015; 
Agnarsson et al., 2018) and Deinopis (Chamberland et al., 2018) patterns clearly support 
ancient vicariance, but Argiope (Agnarsson et al., 2016) readily disperses among the 
islands. Tetragnatha, the sister lineage of Cyrtognatha, may prove to be of particular 
interest in comparison, because its biogeographic history on the islands may mirror their 
global tendency towards repeated colonization of even most remote islands.  
 
The research we present in Chapter 2, provides the first insight into Caribbean Tetragnatha 
evolutionary and biogeographic history. A combination of geographically scattered closely 
related species, single island endemics, cosmopolitan species, multiple dispersal events and 
high species richness of the Caribbean Tetragnatha, present a unique model for future 
comparative biogeographic research. Considering the theoretical framework of the IDM 
(Claramunt et al., 2012; Agnarsson et al., 2014), one cannot classify Tetragnatha as one of 
the three a priori definitions of dispersers (poor vs. intermediate vs. excellent). Instead, 
they represent a more complex combination of attributes of a ‘dynamic disperser’, one that 
readily undergoes evolutionary changes in dispersal propensity. Species richness, species 
distribution and disparate biogeographic pattern of Tetragnatha generally contrast with 
other arachnid lineages we have studied in the Caribbean. In line with the predictions of 
the IDM some highly dispersive Tetragnatha species fail to speciate on even remote 
islands. However, enough lineages have apparently secondarily lost dispersal ability, and 
thus formed short range (single island) endemics. Our findings demonstrate the very 
dynamic relationship between dispersal ability and diversity and how changes in dispersal 
propensity may link to endemism. 
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In Chapter 3, we conclude that T. clavipes does not seem to represent a single species over 
the Americas. The nominal T. clavipes is from the Caribbean (type is from Jamaica), but 
this species also inhabits North America, as well as parts of Central and South America. 
Over this vast geographical area, T. clavipes populations maintain a lively gene flow, 
suggesting that these spiders undertake airborne travel over the archipelago. 
 
The study we present in Chapter 4 pioneers machine learning analyses in deciphering the 
factors that associate with diversity patterns. Given the power of this methodology, future 
studies should reassess the here detected patterns using datasets many times larger than 
ours, and on other organisms but spiders. This is becoming increasingly possible, with 
genomic and other organismal data increasing in availability. What emerges from our 
study, is that small body size, and wide geographic ranges, both associate with high species 
diversity in spiders. Similar research on other groups of organisms will tell whether or not 





Čandek, K., The role of dispersal in spider speciation, distribution and patterns … of the Caribbean archipelago. 






One of the most basic features of living beings is dispersal, in the broadest sense defined as 
any movement of individuals. Dispersal is an important concept in both ecology and 
biogeography, and while the underlying process is the same in both cases, the scale and 
application of the concept are different. Island systems, a limited area with discrete units 
separated by barriers to gene flow, pose as excellent arenas to research dispersal. Here we 
focus on the Caribbean spiders from Tetragnathidae family, but also expand our research 
wider. In four standalone studies we use phylogenetic, biogeographic and computational 
statistics approaches to look for general patterns of interaction among species richness, 
biogeographic histories, dispersal abilities and other potential factors. 
 
Chapter 1: Island systems provide excellent arenas to test evolutionary hypotheses 
pertaining to gene flow and diversification of dispersal-limited organisms. Here we focus 
on an orbweaver spider genus Cyrtognatha (Tetragnathidae) from the Caribbean, with the 
aims to reconstruct its evolutionary history, examine its biogeographic history in the 
archipelago, and to estimate the timing and route of Caribbean colonization. Specifically, 
we test if Cyrtognatha biogeographic history is consistent with an ancient vicariant 
scenario (the GAARlandia landbridge hypothesis) or overwater dispersal. We 
reconstructed a species level phylogeny based on one mitochondrial (COI) and one nuclear 
(28S) marker. We then used this topology to constrain a time-calibrated mtDNA 
phylogeny, for subsequent biogeographical analyses in BioGeoBEARS of over 100 
originally sampled Cyrtognatha individuals, using models with and without a founder 
event parameter. Our results suggest a radiation of Caribbean Cyrtognatha, containing 11 
to 14 species that are exclusively single island endemics. Although biogeographic 
reconstructions cannot refute a vicariant origin of the Caribbean clade, possibly an artifact 
of sparse outgroup availability, they indicate timing of colonization that is much too recent 
for GAARlandia to have played a role. Instead, an overwater colonization to the Caribbean 
in mid-Miocene better explains the data. From Hispaniola, Cyrtognatha subsequently 
dispersed to, and diversified on, the other islands of the Greater, and Lesser Antilles. 
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Within the constraints of our island system and data, a model that omits the founder event 
parameter from biogeographic analysis is less suitable than the equivalent model with a 
founder event. 
 
Chapter 2: Organismal variation in dispersal ability can directly affect levels of gene flow 
amongst populations, therefore importantly shaping species distributions and species 
richness patterns. The intermediate dispersal model of biogeography (IDM) predicts that in 
island systems, species diversity of those lineages with an intermediate dispersal potential 
is the highest. We broadly test this prediction, focusing on ‘four-jawed spiders’ (genus 
Tetragnatha) of the Caribbean archipelago. First, we report on original sampling of this 
globally distributed genus with numerous widespread as well as endemic species. We then 
reconstruct multiple Tetragnatha phylogenies from roughly 300 individuals delineated into 
54 putative species. Our results support the monophyly of the four-jawed spiders but reject 
the monophyly of those lineages that reach the Caribbean, where we find low levels of 
endemism yet high diversity within Tetragnatha. The chronogram detects a potential early 
overwater colonization of the Caribbean, and in combination with reconstructed 
biogeographic history, refutes the possibility of ancient vicariant origins of Caribbean 
Tetragnatha as well as the GAARlandia land-bridge scenario. Instead, biogeographic 
results hypothesize multiple colonization events to, and from the Caribbean since mid-
Eocene to late-Miocene. Tetragnatha seems unique among the arachnids explored so far in 
comprising some species that are excellent dispersers, and others that are not, perhaps 
having secondarily lost this dispersal propensity. A direct test of the IDM would require 
consideration of three categories of dispersers. However, four-jawed spiders do not fit one 
of these three a priori definitions, but rather represent a more complex combination of 
attributes of a ‘dynamic disperser’. 
 
Chapter 3: The Caribbean archipelago offers one of the best natural arenas for testing 
biogeographic hypotheses. The intermediate dispersal model of biogeography (IDM) 
predicts variation in species richness among lineages on islands to relate to their dispersal 
potential. To test this model, one would need background knowledge of dispersal potential 
of lineages, which has been problematic as evidenced by our prior biogeographic work on 
the Caribbean tetragnathid spiders. In order to investigate the biogeographic imprint of an 
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excellent disperser, we study the American Trichonephila, a nephilid genus that contains 
globally distributed species known to overcome long, overwater distances. Our results 
reveal that the American T. clavipes shows a phylogenetic and population genetic structure 
consistent with a single species over the Caribbean, but not over the entire Americas. 
Haplotype network suggests that populations maintain lively gene flow between the 
Caribbean and North America. Combined with prior evidence from spider genera of 
different dispersal ability, these Trichonephila patterns support the IDM predictions. 
 
Chapter 4: What factors might contribute to the high variation in biodiversity among 
comparable taxonomic ranks of lineages? Here, we identify the best of the 22 tested 
predictors of species richness on 45 spider genera selected to span the phylogenetic and 
biological breath of the megadiverse order Araneae. We assess the predictive power of 
these variables form their morphological, genetic, geographic, ecological and behavioral 
landscapes using a Random forest (RF) machine learning algorithm. The results suggest 
that body size, or more specifically, the minimum male body size, predicts species richness 
best. The results from the Multiple correspondence analysis (MCA) confirm the RF 
outcome by recovering a positive relationship between small male body size and higher 
species richness. Moreover, MCA suggests that a wide geographic distribution of 
congeneric species is positively associated with higher diversity within that genus. 
Furthermore, genera from phylogenetically older groups of spiders are species poorer. 
Surprisingly, we find that neither the presence of ballooning behavior, nor sexual size 
dimorphism can predict species richness. Similar research on other groups of organisms 
will tell whether small body size and wide geographic ranges also associate with high 
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Disperzija je ena od osnovnih lastnosti živih bitij in v najširšem pomenu besede pomeni 
vsakršno premikanje osebkov, katerih posledica je sprememba v genskem toku. Disperzijo 
lahko raziskujemo iz ekološkega ali biogeografskega zornega kota. Osnovni mehanizmi 
disperzije so pri obeh pogledih enaki, vendar so posledice drugačne. Disperzija iz zornega 
kota ekoloških raziskav običajno ne vpliva na geografsko razširjenost vrste. Po drugi strani 
pa se v biogeografskih raziskavah znanstveniki osredotočajo prav na spremembe v 
geografski razširjenosti vrste. V zgodovinskem smislu je namreč trenutna razporeditev vrst 
produkt disperzije, izumiranja in vikariance. Biogeografski pogled na disperzijo ali 
natančneje na disperzijske zmožnosti organizmov ter njihov vpliv na vrstno pestrost ter 
razporeditev vrst v prostoru je pomembna tema v tej disertaciji. Disperzijo v grobem 
delimo na dva pomembna tipa: postopno širjenje ali difuzijo ter disperzijo na dolge 
razdalje ali odskočno disperzijo (''jump dispersal''). 
 
Postopno širjenje oz. difuzija je počasno in postopno povečevanje geografskega območja 
razširjenosti vrste v času več generacij. Širjenje poteka od roba trenutnega območja 
razširjenosti in se običajno ustavi, ko organizem doseže nepremostljivo oviro, npr. fizično 
ali ekološko. Pri odskočni disperziji pa se osebki običajno v precej krajšem času veliko 
bolj oddaljijo od izvorne populacije, neredko tudi preko ovir, kot so gorski grebeni ali 
morje. S takim načinom disperzije lahko vrsta doseže npr. oddaljen otok in če so pogoji 
ustrezni, se populacija tam ustali. Na takih ''praznih'' otokih imajo prišleki dobro ekološko 
priložnost oz. veliko prostih ekoloških niš in posledično lahko pride do hitre speciacije, ki 
ji pravimo tudi adaptivna radiacija. 
 
Disperzijo pogosto delimo tudi glede na način premikanja osebkov, torej pasivno ali 
aktivno. Organizmi, ki se razširjajo pasivno, so prilagojeni za izrabo zunanjih sil, kot so 
morski ali zračni tokovi, težnost ali celo drugi, večji organizmi. Običajno pa pri pasivni 
disperziji organizmi nimajo prav veliko kontrole nad dolžino in smerjo disperzije. Obratno 
pa imajo pri aktivni disperziji organizmi večjo kontrolo nad samim premikanjem, za 
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V vseh poglavjih za iskanje odgovorov na zastavljena vprašanja kot predmet raziskovanja 
uporabljamo pajke. Pajki so izredno raznolika skupina členonožcev s trenutno več kot 
47.000 opisanimi vrstami. Znanstveniki ocenjujejo, da je mnogo vrst še neodkritih ter da bi 
njihova pestrost lahko dosegla celo 170.000 vrst. Pajki so poselili vse kopenske življenjske 
prostore z izjemo skrajno severnih in južnih polarnih območij. Tudi njihova morfologija je 
izredno raznolika, medtem ko se razpon velikosti giblje od 0,37 mm (Patu digua) do 119 
mm (Theraphosa blondi). Za raziskave v disertaciji so pajki zanimivi predvsem zaradi 
izredne raznolikosti v zmožnostih disperzije. Nekatere vrste brez večjih težav prepotujejo 
več kilometrov, druge pa so vezane na izredno ozko območje in jim nepremostljivo oviro 
predstavlja že manjša reka.  
 
Najosnovnejši način aktivnega razširjanja pri pajkih je seveda hoja, vendar pa je v 
biogeografiji bolj raziskovano njihovo pasivno razširjanje, t. i. balonanje ali jadranje na 
vetru. Preden pajki ''poletijo'', splezajo na primerno mesto, kjer na iztegnjenih nogah in z 
dvignjenim zadkom v zrak spustijo tanke svilene niti, v katere se upre veter in pajka 
odnese. Ni redko, da so pajki med prvimi organizmi, ki naselijo na novo nastale, osamljene 
otoke. Jadranje je dobro poznano predvsem v pri neodraslih pajkih, saj so odrasli pogosto 
pretežki, razen v družinah z zelo majhnimi osebki, kot na primer pri družini baldahinarjev 
(Linyphiidae). Dejavniki, ki vplivajo na pričetek in sam potek jadranja na vetru, še niso 
popolnoma znani. Raziskovalci so v preteklosti kot dejavnike navajali predvsem 
vremenske pogoje, kot so temperatura, vlaga, svetloba, vibracije in hitrost vetra. Leta 2018 
pa so znanstveniki odkrili, da pajki zaznavajo tudi z vremenom povezane spremembe v 
električnem polju zemlje in svoje vedenje prilagajajo tem spremembam. Jadranje na vetru 
je torej kombinacija aktivnega in pasivnega vedenja, saj je odločitev za pričetek jadranja, 
kot kaže, pod nadzorom pajka, medtem ko so smer, trajanje, razdalja in kraj pristanka 
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FILOGENETIKA IN GENETSKI OZNAČEVALCI 
Filogenetika je veda o evolucijski zgodovini ter sorodstvenih odnosih med organizmi ali 
skupinami organizmov. Rezultat filogenetske analize je filogenija, hipoteza o evolucijskih 
odnosih med organizmi, običajno prikazana v obliki filogenetskega drevesa. V preteklosti 
so  za izračun filogenije uporabljali predvsem morfološke znake, medtem ko se moderna 
biologija večinoma zanaša na molekularne podatke. Genska ali aminokislinska zaporedja, 
ki se v evolucijskih raziskavah redno uporabljajo od šestdesetih letih prejšnjega stoletja 
naprej, imenujemo molekularni označevalci (''markerji''). Načeloma velja, da bolj, kot sta 
si zaporedji podobni, bolj sta si organizma sorodna. Znanstveniki so ugotovili, da se 
genska zaporedja v času evolucije spreminjajo oz. mutirajo dokaj enakomerno. S tem so 
postavili idejo o t. i. molekularni uri. Če lahko torej predvidimo, koliko mutacij oz. 
zamenjav nukleotidov se v določenem delu genskega zaporedja zgodi v določeni časovni 
enoti, lahko filogeniji izračunamo časovni okvir. Pri uporabi molekularne ure moramo biti 
previdni, saj časi niso univerzalni za vse dele genskega materiala. Poleg tega molekularna 
ura ne ''bije'' enako hitro v vseh organizmih. Pri filogenetskih analizah, ki vključujejo 
daljno sorodne organizme, je zato dobro, če uporabljamo več različnih genetskih 
označevalcev. Previdnost je potrebna tudi pri analizah, ki segajo v daljno preteklost, saj 
lahko nukleotidi na istem mestu v zaporedju mutirajo večkrat in se vrnejo v prvotno stanje. 
Take mutacije je težko zaznati in znižujejo zanesljivost izračunanih časovnih okvirov. 
Napake lahko zmanjšamo z uporabo najustreznejših evolucijskih modelov, ki nam jih 
običajno predlaga programsko orodje.  
 
Glede na naravo filogenetskih raziskav, npr. ali preučujemo ozko ali daljno sorodne 
organizme, je pomembna tudi izbira ustreznega genetskega označevalca. Raznovrstnost 
genetskih označevalcev je v znanosti res velika. Med zelo priljubljene in najpogosteje 
uporabljene prav gotovo spada del gena Citokrom C oksidaza, podenota 1 (COI), ki ga za 
analize uporabljamo tudi mi. 
 
BIOGEOGRAFIJA 
Raziskovalci biogeografije poskušajo odgovoriti na vprašanja, povezana z geografsko 
razširjenostjo vrst ter svetovno biodiverziteto v teku geološkega časa. Osredotočajo se na 
prepoznavanje vzorcev razporeditve vrst v prostoru ter iščejo vzročne razlage za tako 
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razporeditev. Biogeografija je povezovalna veda, ki vsaj v teoriji povezuje evolucijsko 
biologijo, ekologijo, geografijo in geologijo. Podobno, kot smo opisali pri disperziji, tudi v 
biogeografiji obstajata dva zorna kota, ekološki in zgodovinski. V disertaciji se 
osredotočamo na filogenetski, torej zgodovinski, pristop k biogeografiji, ki se od 
ekološkega loči predvsem po tem, da deluje na daljši časovni skali, ki pogosto sega več 
milijonov let v preteklost ter išče zgodovinske geološke, klimatske ali druge dogodke, ki so 
pomembno vplivali na razporeditev vrst v izbranem območju. 
 
Biogeografske študije so pogosto osredotočene na otoške sisteme. Pomembnost otokov za 
biodiverziteto ter njihovo edinstveno vrstno sestavo je na svojih popotovanjih prepoznal že 
Darwin. Otoki predstavljajo ločene, prostorsko omejene enote, medtem ko morje 
predstavlja različno visoko prepreko za genski pretok kopenskih organizmov. Otoški 
sistemi so pogosto ''vroče točke'' biodiverzitete, saj jih naseljuje visok odstotek endemičnih 
vrst. Vrstna sestava in oblika endemizma na otokih je odvisna od načina, kako je tak otok 
nastal. Otok, ki z vulkansko aktivnostjo nastane na novo, bo na začetku na primer ''prazen''. 
Nato ga bodo vrste naselile z disperzijo preko morja. Ob ustreznih pogojih in po 
določenem času bodo nekatere vrste s speciacijo tvorile nove vrste, ki bodo za tak otok 
predstavljale t. i. neo-endemične vrste. Po drugi strani lahko otok nastane na primer z 
odcepitvijo kopenske mase od kontinenta. Tak otok bo že ob svojem nastanku imel velik 
nabor vrst, ki se bodo glede na izvorne populacije spreminjale in lahko po določenem času 
na tem otoku tvorijo t. i. paleo-endemične vrste. Ta dva zgoraj opisana načina nastanka 
otoka tudi dobro ponazarjata dve vprašanji, ki se pogosto pojavljata v biogeografiji – ali je 
za lokalno sestavo vrst odgovorna disperzija (primer vulkanskega otoka) ali vikarianca 
(primer otoka, ki se je ločil od kontinenta). Vsekakor pa je v večini primerov pomembna 
kombinacija obeh dejavnikov. 
 
MODEL SREDNJE DISPERZIJE V BIOGEOGRAFIJI 
V disertaciji se srečujemo z modelom srednje disperzije v biogeografiji (ang. Intermediate 
dispersal model - IDM), ki ga v treh poglavij tudi opisno ovrednotimo. Ta model 
predvideva, da bodo taksoni, ki vsebujejo vrste s srednjimi zmožnosti disperzije, imeli 
najvišjo vrstno pestrost na otoškem sistemu. V teoriji nizka disperzijska zmožnost znižuje 
genski pretok med populacijami, a omejuje število uspešnih naselitev otokov. Na drugi 
107 
Čandek, K., The role of dispersal in spider speciation, distribution and patterns … of the Caribbean archipelago. 
   Doct. Dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2018 
 
strani pa odlična disperzijska zmožnost omogoča naselitev oddaljenih otokov, vendar 
vzdržuje visok genski pretok med populacijami. Oba opisana ekstrema torej znižujeta 
vrstno pestrost v otočju, saj omejujeta število speciacij. 
 
Disperzijske zmožnosti se glede na literaturo odražajo tudi v biogeografskih vzorcih. 
Taksoni, ki jih sestavljajo vrste s slabimi zmožnostmi disperzije, pogosto prikazujejo 
visoko stopnjo lokalno endemičnih vrst (npr. vzorec, kjer je vsaka vrsta endemična za en 
otok). Prav tako je pri slabih razširjevalcih zaznati nizko število prehajanja med otoki, 
medtem ko je genetska struktura populacij med otoki izrazita. Taksoni, ki jih sestavljajo 
vrste z odličnimi zmožnostmi disperzije, so široko razširjeni na otočju. Vrste redno 
prehajajo iz enega otoka na drugega, medtem ko imajo populacije na različnih otokih bolj 
homogeno genetsko strukturo.  
 
KARIBI 
Karibsko otočje spada med najbolj preučevana območja v biogeografskih študijah. Karibi 
ležijo v tropskem pasu med severno in južno Ameriko ter vzhodno od Mehiškega zaliva. V 
grobem jih delimo na tri področja: 1) Veliki Antili, ki jih sestavljajo Kuba, Jamajka, 
Portoriko in Hispaniola (Dominikanska republika in Haiti), 2) Mali Antili, ki jih sestavljajo 
številni, majhni otoki, ter 3) Bahami. Karibsko otočje ima zanimivo, čeprav ne povsem 
dorečeno geološko zgodovino. Kuba, Hispaniola in Portoriko, vendar ne Jamajka, so nekoč 
sestavljali proto-Antile in bili morda povezani z ameriškim kontinentom del časa med 130 
in 70 milijoni let v preteklosti. Kasneje so bili proto-Antili potopljeni in najverjetneje so se 
ponovno dvignili iz morja pred približno 40 – 49 milijoni let. Jamajka ima drugačno 
geološko zgodovino in ni bila del proto-Antilov; nad gladino se je dvignila šele pred 10 – 
15 milijoni let. Jamajka ima zato tudi drugačno vrstno sestavo nekaterih skupin 
organizmov kot ostali karibski otoki. Mali Antili so večinoma vulkanskega izvora ter 
geološko mlajši. Večina otokov Malih Antilov naj bi nastala v zadnjih 10 milijonih let, 
novi pa se še vedno aktivno tvorijo. Mali Antili niso bili nikoli povezani s celinsko 
Ameriko, zato so morali biti poseljeni z disperzijo preko morja. 
 
Za biogeografske raziskave v Karibih je pomembna še ena geološka značilnost. V obdobju 
med 33 in 35 milijoni let v preteklosti je morda obstajal kopenski most, ki je povezoval 
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velike Antile in Južno Ameriko. Ta kopenski most imenovan GAARlandija (Greater 
Antilles – Aves Ridge) je morda obstajal približno dva milijona let v obdobju znižane 
gladine morja in je tako omogočal naselitev Karibov tudi tistim vrstam, ki niso zmožne 
prečkati morja. Trdnih geoloških dokazov za tak kopenski most ni, obstajajo pa 
biogeografske raziskave, ki njegov obstoj potrjujejo, in tudi take, ki ga zavračajo.  
 
CILJI IN ZASNOVA DISERTACIJE 
Tematike, povzete zgoraj (disperzija, pajki, filogenetika, biogeografija, model srednje 
disperzije in Karibsko otočje), so glavni elementi disertacije. V naši posesti so številni in 
raznovrstni pajki, ki smo jih vzorčili na Karibih. S preučevanjem tega bogatega materiala 
želimo doseči cilje, ki smo si jih zastavili v disertaciji. Najprej želimo določiti molekularne 
operativne taksonomske enote (MOTU) za izbrane rodove karibskih pajkov iz družine 
čeljustarjev (Tetragnathidae). MOTU so enote, ki osebke razvrstijo v ''navidezne vrste'', 
kadar je morfološka identifikacija otežena ali ne mogoča, običajno pa jih določimo z 
analizami razmejitve vrst na podlagi gena COI. Naš naslednji cilj je izračunati filogenije na 
populacijskem nivoju (vsi osebki, en genetski marker) in na vrstnem nivoju (izbor 
osebkov, dva genetska markerja) za izbrane rodove znotraj že omenjene družine. Nato 
nameravamo združiti te izračunane filogenetske informacije z geografskimi podatki 
izbranih pajkov ter opraviti biogeografske analize. S pomočjo poustvaritve biogeografske 
zgodovine izbranih rodov karibskih pajkov nameravamo opisno preučiti odnose med 
disperzijskimi zmožnostmi, vrstno pestrostjo in razporeditvijo vrst v prostoru z ozirom na 
teoretično zamisel modela srednje disperzije (IDM). S kombinacijo poustvarjene 
biogeografske zgodovine izbranih karibskih pajkov ter znane geološke zgodovine 
Karibskega otočja bomo testirali, kateri zgodovinski potek dogodkov je odgovoren za 
lokalno vrstno sestavo in naselitev izbranih pajkov na Karibih (zgodovinska vikarianca, 
disperzija preko morja ali GAARlandija). Naš zadnji cilj je zastavljen širše in je povezan 
predvsem z vrstno pestrostjo rodov pajkov. Bolj natančno: želimo ugotoviti, ali lahko 
vrstno pestrost nekega rodu pajkov napovemo posredno, če poznamo njegove druge 
lastnosti, kot so npr. morfološke, geografske, genetske ali vedenjsko-ekološke.  
 
Disertacijo smo organizirali v štiri samostojna poglavja, s katerimi poskušamo doseči 
zgoraj zastavljene cilje. V poglavjih od 1 - 3 raziskujemo odnose med vrstno pestrostjo, 
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geografsko razširjenostjo vrst in biogeografsko zgodovino ter kako na njih vpliva različna 
zmožnost disperzije treh rodov pajkov. V vsakem poglavju (1 – 3) se posvetimo enemu 
rodu pajkov, ki vsaj na videz izkazuje lastnosti slabe, srednje ali odlične zmožnosti 
disperzije. V prvem poglavju tako izberemo rod Cyrtognatha (Tetragnathidae) kot takson s 
slabimi zmožnostmi disperzije. V drugem poglavju izberem rod Tetragnatha 
(Tetragnathidae), za katerega domnevamo, da ima srednje zmožnosti disperzije. V tretjem 
poglavju pa raziskujemo rod Trichonephila (Nephilidae) kot takson z odličnimi 
sposobnostmi disperzije. Slednji rod smo izbrali ne glede na to, da sicer pripada družini 
Nephilidae, saj med predstavniki čeljustarjev (Tetragnathidae) nismo našli takega, ki bi na 
videz izkazoval lastnosti klasičnega taksona z odličnimi disperzijskimi zmožnostmi. V 
zadnjem, četrtem poglavju smo iz literature in podatkovnih knjižnic zbrali morfološke, 
genetske, geografske in vedenjsko-ekološke podatke za 45 rodov pajkov. Med temi podatki 
skušamo identificirati najboljšo spremenljivko za posredno napovedovanje vrstne pestrosti 
rodov pajkov. Da bi dosegli ta cilj uporabljamo precej novega metodološkega pristopa k 




V prvem poglavju smo raziskovali karibske predstavnike pajkov iz rodu Cyrtognatha 
(Tetragnathidae). V tem rodu je trenutno znanih 21 vrst, vendar verjetno številne vrste še 
niso opisane. Cyrtognatha je razširjena od Argentine do južnega dela Mehike ter na 
Karibih. Ta rod smo izbrali, saj vsaj na videz prikazuje slabe disperzijske zmožnosti glede 
na IDM. Zanima nas predvsem vrstna sestava našega originalnega Cyrtognatha materiala, 
evolucijska in biogeografska zgodovina tega rodu ter čas, smer in način naselitve Karibov.  
 
V disertaciji uporabljamo zelo veliko programskega orodja in različnih nastavitev. V 
slovenskem povzetku bomo metode predstavili v grobem ter izpostavili le ključna 
računalniška programska orodja.  
 
Na terenskem delu na Karibih smo pridobili 103 osebke iz rodu Cyrtognatha. S pomočjo 
stereomikroskopa smo potrdili, da vsi pripadajo izbranemu rodu. Vsem osebkom smo nato 
izolirali DNK, s PCR pomnožili gen COI in PCR produkte poslali na sekvenciranje po 
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Sangerjevi metodi. Pridobljena zaporedja smo uredili, poravnali ter pregledali s 
programom Geneious. V naslednjem koraku smo na podlagi zaporedij COI ocenili število 
MOTU-jev v našem naboru Cyrtognatha pajkov. To smo storili s pomočjo programskega 
orodja za razmejitve vrst: ABGD, PTP, mPTP in GMYC. Na podlagi tako ocenjenih 
MOTU-jev smo nato pomnožili še del gena 28S, in sicer za dva osebka na ocenjen MOTU, 
kadar je bilo to mogoče.  
 
Za filogenetsko analizo na populacijskem nivoju smo uporabili vsa 103 zaporedja COI. 
Uporabili smo programsko orodje MrBayes ter kot model evolucije oz. model zamenjave 
nukleotidov nastavili GTR+I+G, ki ga je kot najustreznejšega izbrala predhodna analiza s 
programom jModelTest2. Prav tako smo program MrBayes z GTR+I+G modelom 
evolucije uporabili za filogenetsko analizo na vrstnem nivoju, le da smo tokrat analizirali 
pod-izbor podatkov z obema genetskima markerjema, COI in 28S. Z uporabo molekularne 
ure na podlagi hitrosti zamenjave nukleotidov v zaporedju COI smo filogeniji določili 
časovni okvir. Pri tem smo uporabili program BEAST2, tokrat s posebnim evolucijskim 
modelom, bModelTest, ki se je na testih izkazal kot najustreznejši. Za časovno umerjanje 
filogenije smo poleg hitrosti zamenjave nukleotidov uporabili tudi časovne informacije, 
pridobljene iz fosiliziranega predstavnika rodu Cyrtognatha. Nato smo s kombinacijo 
časovno umerjene filogenije ter geografskih podatkov opravili še biogeografsko analizo z 
uporabo BioGeoBEARS, programske razširitve v statističnem programu R.  
 
Ugotovili smo, da naš vzorec karibskih Cyrtognatha pajkov sestavlja med 11 in 14 
MOTU-jev (odstopanja gre pripisati uporabi različnih metod za razmejitev vrst). 
Izračunana filogenija na vrstnem nivoju podpira monofilijo rodu Cyrtognatha in tudi 
monofilijo karibskega klada teh pajkov. Poudarimo tudi, da je v analizi prisotna ena sama 
vrsta iz kontinentalne Amerike (iz Paname) in, da bi za bolj verodostojno podporo 
ugotovljene monofilije potrebovali več takih primerkov, ki pa jih v podatkovnih knjižnicah 
ni bilo (npr. GenBank in BoldSystems). Izračunana filogenija na populacijskem nivoju, ki 
vključuje vse osebke, razkriva razporeditev MOTU-jev/vrst na otokih. Odkrijemo vzorec, 
kjer je prav vsaka vrsta endemična na enem samem otoku. Kadar je prisotnih več vrst na 
enem otoku, te tvorijo monofiletsko skupino (razen na Hispanioli). Opažen vzorec vsaj 
delno pojasnjujemo s kombinacijo ekološke prednosti prvih prišlekov (npr. prazne 
111 
Čandek, K., The role of dispersal in spider speciation, distribution and patterns … of the Caribbean archipelago. 
   Doct. Dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2018 
 
ekološke niše) ter redkih disperzij sorodnih vrst (oz. iste vrste) na določen otok. Ta 
kombinacija vodi do tekmovalne izključitve in manjše verjetnosti, da se kasnejši prišleki 
na določenem otoku obdržijo.  
 
Izračunana časovno umerjena filogenija razkriva, da je Cyrtognatha relativno mlad klad, ki 
se je od ozko sorodnih pajkov Tetragnatha ločil v zgodnjem Miocenu pred približno 19 
milijoni let. Glede na naše izračune je Cyrtognatha naselila Karibe v srednjem Miocenu 
pred približno 15 milijoni let. Starosti pod-kladov na posameznih otokih časovno ne 
odstopajo od znane geološke zgodovine teh otokov. Časovno umerjena filogenija izpodbija 
možnost, da je Cyrtognatha Karibe naselila preko morebitnega kopenskega mosta 
GAARlandije, saj starost GAARlandije za vsaj 17 milijonov let presega naše časovne 
ocene naselitve Karibov. Še manj verjetna je hipoteza zgodovinske vikariance, ki 
predvideva, da so nekateri organizmi na Karibih prisotni še od obdobja, ko so bili proto-
Antili mogoče povezani s kontinentalno Ameriko pred več kot 70 milijoni let. 
Najverjetneje je torej Cyrtognatha Karibe naselila z disperzijo preko morja, saj so bili pred 
15 milijoni let Karibi že v zelo podobni razporeditvi, kot jo poznamo danes.  
 
Rezultati biogeografske analize podpirajo potek dogodkov, kjer je Cyrtognatha kot prvega 
od karibskih otokov naselila Hispaniolo. Najverjetneje je tudi, da je Cyrtognatha kasneje 
vse ostale karibske otoke, kjer je prisotna, naselila prav z disperzijo iz Hispaniole. Vsak 
otok je predvidoma naselila samo enkrat, a bi za bolj natančno oceno časovnih okvirjev in 
smeri naseljevanja vsekakor potrebovali še več podatkov predvsem iz celinske Amerike.  
 
POGLAVJE 2  
V drugem poglavju raziskujemo rod Tetragnatha iz družine Tetragnathidae. Ta rod je 
razširjen po vsem svetu in ga trenutno sestavlja 349 opisanih vrst. Rod Tetragnatha smo 
izbrali, ker vsaj na videz izkazuje lastnosti, ki bi jih pričakovali od taksona s srednjimi 
zmožnostmi disperzije. Cilji v tem poglavju so enaki kot pri Poglavju 1, torej določiti 
MOTU-je, izračunati filogenijo na populacijskem in vrstnem nivoju ter poustvariti 
biogeografsko zgodovino tega taksona na Karibih. 
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Pridobivanje molekularnih podatkov je potekalo popolnoma enako kot v Poglavju 1. 
Pridobili smo 254 zaporedij COI karibskih Tetragnatha pajkov, ki smo jih združili s 45 
javno dostopnimi COI podatki. Za razmejitev vrst (določitev MOTU-jev) smo tokrat 
uporabili samo metodo ABGD. Na podlagi števila MOTU-jev smo pridobili še 54 
zaporedij 28S. Filogenetske in biogeografske analize so potekale na enak način kot v 
Poglavju 1. Opravili smo še dodatno biogeografsko analizo, t. i. biogeografsko stohastično 
kartiranje, s katero lahko določimo število, smer in tip biogeografskih dogodkov v 
preteklosti.  
 
Rezultati filogenije na vrstnem nivoju (gena COI in 28S, 54 Tetragnatha osebkov) 
podpirajo monofilijo rodu Tetragnatha, ne pa tudi monofilije karibskih predstavnikov. 
Nazornejšo zgodbo lahko razberemo iz izračunane filogenije na populacijskem nivoju (gen 
COI, 299 Tetragnatha osebkov). Opazimo lahko, da naše podatke sestavljajo MOTU-ji, 
endemični za posamezni otok, endemični za Karibsko otočje in kozmopolitansko razširjene 
vrste, ki pa so na filogenetskem drevesu med seboj vse pomešane. Odkrijemo tudi dobro 
podprte klade, ki v sorodstvu združujejo geografsko izredno oddaljene vrste (npr. blizu 
sorodni vrsti, kjer je ena endemična za Jamajko, druga pa za Oceanijo). Očitno je, da 
karibski predstavniki ne tvorijo monofiletske skupine, temveč izvirajo iz različnih 
genetskih linij. Opažen vzorec, opisan zgoraj, je med pajkovci nenavaden in ga ne moremo 
uvrstiti med standardne kategorije modela srednje disperzije (IDM). Tetragnatha ne sodi 
med taksone s srednjimi zmožnostmi disperzije, temveč združuje vrste od slabih do 
odličnih zmožnosti disperzije. Glede na naše rezultate in raziskave tega rodu na Havajih je 
verjetno, da ima Tetragnatha sposobnosti hitrega prilagajanja, v katerega na primer spada 
tudi izguba dobrih disperzijskih zmožnosti. Tetragnatha kot rod torej prikazuje bolj 
zapletene vzorce disperzijskih zmožnosti, kot jih predstavlja IDM, ki jih poimenujemo kot 
''dinamične zmožnosti disperzije''.  
 
Izračunani časovni okviri filogenije dopuščajo možnost, da je Tetragnatha Karibe naselila 
že kmalu po njihovem nastanku oz. prihodu iz morja pred 40 – 49 milijoni let. Podobno kot 
pri rodu Cyrtognatha časovno umerjena filogenija rodu Tetragnatha ne podpira hipoteze 
zgodovinske vikariance, saj je naša ocena naselitve Karibov mlajša za več kot 30 milijonov 
let. Prav tako ne odkrijemo biogeografskega vzorca, ki bi podpiral uporabo GAARlandije. 
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Obstoja GAARlandije ne izključujemo, vendar pa opažen filogenetski in biogeografski 
vzorec najbolje pojasnijo večkratne in neodvisne disperzije preko morja, iz kontinentalne 
Amerike na Karibe.  
 
Večkratno naselitev Karibov potrdita biogeografski analizi, s katerima ugotovimo, da je 
Tetragnatha iz celinskih izvornih populacij naselila Karibe vsaj 17-krat. Od tega je 
osemkrat v Karibih  tvorila nove vrste z učinkom ustanovitelja, devetkrat pa so vrste prišle 
na Karibe, vendar niso bile podvržene speciaciji, ampak samo anagenetskemu povečanju 
svojega geografskega območja razširjenosti. Poleg naselitve Karibov iz zunanjih izvornih 
populacij smo zaznali tudi t. i. obratno naselitev, torej iz Karibov v druga območja, kar se 
je verjetno zgodilo štirikrat. Večina vrst, ki trenutno živijo na Karibskem otočju, torej 
izvira iz zunanjih populacij. Zaznali smo le eno manjšo monofiletsko radiacijo karibskega 
izvora, katere rezultat so štiri vrste (T. SP3, 5, 9, 13).  
 
POGLAVJE 3 
V tem poglavju se osredotočamo na rod Trichonephila iz družine Nephilidae. Ta rod smo 
izbrali, ker je za njegove predstavnike znano iz literature, da imajo odlične zmožnosti 
disperzije. V Ameriki sta do sedaj znani samo vrsti T. sexpunctata in T. clavipes. Slednja je 
za nas pomembnejša, saj je razširjena tudi na Karibih.  
 
Pridobivanje molekularnih podatkov je potekalo enako kot v poglavju 1 in 2, le da smo v 
tem krajšem znanstvenem prispevku uporabljali samo en genetski označevalec (COI). 
Uporabili smo 17 pristopov k razmejitvi vrst (ABDG, mPTP in GMYC z različnimi 
nastavitvami), medtem ko je izračun filogenije potekal tako kot v poglavju 1 in 2. Opravili 
smo tudi analizo haplotipske mreže za 127 osebkov T. clavipes s programsko razširitvijo 
pegas v programu R. 
 
Ugotovimo, da populacije T. clavipes v Severni Ameriki ter populacije na Karibih 
zagotovo predstavljajo isto vrsto, kar nam potrjuje vseh 17 pristopov k delimitaciji vrst. 
Odkrijemo pa tudi, da T. clavipes v svojem celotnem geografskem območju razširjenosti, 
torej na Karibih, v Južni, Srednji in Severni Ameriki, ni ena sama vrsta, ampak jo 
najverjetneje sestavljata dve ali celo tri kriptične vrste. Opažanja iz rezultatov razmejitve 
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vrst se odražajo tudi v izračunani haplotipski mreži za ''vrsto'' T. clavipes. Haplotipska 
mreža razkrije tri očitne skupine haplotipov, ločene s številnimi mutacijami. Prva, velika 
skupina, se pojavlja v Južni Ameriki in Panami. Druga velika skupina prihaja iz Karibov in 
Severne Amerike ter tretja, manjša skupina, iz Kostarike in dela Kolumbije. Haplotipska 
mreža prikazuje zelo homogeno genetsko strukturo karibskih in severnoameriških 
populacij, kar si razlagamo kot prisotnost visoke stopnje genskega pretoka med 
omenjenimi populacijami. Rezultati, pridobljeni v tem poglavju, še utrjujejo rod 
Trichonephila kot takson z odličnimi zmožnostmi disperzije, saj se njegove vrste očitno 
brez večjih težav premikajo med karibskimi otoki ter med Karibi in Severno Ameriko. 
Rezultati tega poglavja tudi podpirajo del hipoteze IDM, saj je Trichonephila kot takson z 
odločnimi zmožnostmi disperzije vrstno (ena vrsta) na Karibskem otočju res zelo reven.  
 
POGLAVJE 4 
Veliko bioloških raziskav se osredotoča na iskanje splošnih dejavnikov, s katerimi lahko 
pojasnimo izrazite razlike v vrstni pestrosti med taksoni primerljivih rangov. Odkritje takih 
dejavnikov bi lahko bilo pomembno za ekološke, biogeografske, evolucijske in 
naravovarstvene študije, saj bi to do neke stopnje omogočilo napovedovanje vrstne 
pestrosti na podlagi približkov (ang. proxies). V tem poglavju nas zanima prav posredno 
napovedovanje vrstne pestrosti v primeru, ko poznamo neke druge podatke. Bolj natančno, 
zanima nas, katera izmed skupine izbranih spremenljivk bo z največjo pravilnostjo 
napovedala visoko oz. nizko vrstno pestrost roda pajkov.  
 
Izbrali smo raznolik vzorec 45 rodov pajkov, za katere smo iz literature in podatkovnih 
knjižnic pridobili podatke s področja morfologije, geografije, genetskih razdalj in 
vedenjske ekologije. Namensko smo izbirali rodove pajkov s čim bolj različnimi lastnostmi 
(npr. z/brez mreže, visoko/nizko vrstno pestrost, široko/ozko razširjene …) in dostopnimi 
ciljnimi podatki. S področja morfologije smo zbrali različne podatke o telesnih velikostih 
vrst izbranega rodu (najmanjša velikost samca, največja velikost samice, povprečne 
velikosti obeh spolov …). S področja geografije smo rodovom določili rang razširjenosti 
(od 1 – ozko geografsko območje, do 5 – kozmopolitanska razširjenost) ter kolikšen 
odstotek vrst znotraj rodu je endemičnih. Za genetske spremenljivke smo uporabili 
največje, najmanjše in povprečne medvrstne genetske razdalje, izračunane na podlagi gena 
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COI. S področja vedenjske ekologije smo zabeležili prisotnost/odsotnost razširjanja z 
jadranjem na vetru in način prehranjevanja. Zbrali smo še podatke za prisotnost/odsotnost 
spolnega velikostnega dimorfizma ter filogenetski rang (Entelegynae, Haplogynae, 
Mygalomorphae ali Mesothelae).  
 
Ena od posebnosti tega poglavja je metodološki pristop k zastavljenim vprašanjem. Za 
identifikacijo najboljših napovedovalnih spremenljivk smo uporabili Random forest (RF) 
algoritem, ki deluje na osnovi strojnega učenja. RF najprej predela nabor podatkov za 
trening (približno 70 % vseh podatkov), na podlagi katerih se ''nauči'', katera spremenljivka 
je najpomembnejša oz. ima največjo težo pri napovedovanju (v našem primeru) vrstne 
pestrosti, in nato na preostalem, testnem naboru podatkov preizkusi svojo natančnost oz. s 
kolikšno verjetnostjo bo za naključen nabor napovedovalnih spremenljivk izbral pravilno 
kategorijo odvisne spremenljivke (v našem primeru nizka/visoka vrstna pestrost). Moč RF 
algoritma je tudi, da lahko hkrati analizira različne oblike podatkov, kot na primer zvezne 
številske, kategorične, frekvenčne ali dvojiške spremenljivke. Za preverjanje rezultatov, 
pridobljenih z RF, smo izbrane kategorije spremenljivk še grafično preučili z multiplo 
korespondenčno analizo (MCA). 
 
Random forest je med vsemi analiziranimi spremenljivkami izbral telesno velikost oz., 
natančneje, najmanjšo telesno velikost samcev kot spremenljivko z najboljšo sposobnostjo 
napovedovanja vrstne pestrosti. Znotraj posameznih področji spremenljivk (geografske, 
genetske in ''ostale'') je izbral velikost območja geografske razširjenosti, največje 
medvrstne genetske razdalje, izračunane na podlagi gena COI, ter filogenetski rang kot 
spremenljivke z dobro sposobnostjo napovedovanja vrstne pestrosti. Ta izbor smo tudi 
dodatno analizirali z MCA. Z grafično razlago MCA rezultatov potrdimo, da sta visoka 
vrstna pestrost rodov pajkov in majhna telesna velikost povezani. Opazimo tudi, da je z 
visoko vrstno pestrostjo povezano široko območje geografske razširjenosti (rang ''5''). Z 
našim naborom podatkov nismo uspeli identificirati jadranja na vetru, vedenja, tesno 
povezanega z disperzijo pri pajkih in izredno pomembnega za biogeografske študije na 
otoških sistemih kot dobre spremenljivke za napovedovanje vrstne pestrosti. V znanstveni 
literaturi obstajajo informacije, ki podpirajo naše rezultate, in informacije, ki izpodbijajo 
povezanost majhne telesne velikosti in visoke vrstne pestrosti. Raziskava, predstavljena v 
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tem poglavju, je lahko dobra osnova za kasnejše študije na drugačnih organizmih in z 
večjim naborom podatkov, ki bodo pokazale, ali so naši rezultati veljavni tudi širše.  
 
ZAKLJUČEK 
V okviru štirih samostojnih raziskav, v katerih uporabljamo filogenetske in biogeografske 
pristope ter statistiko strojnega učenja, odgovorimo na zastavljena vprašanja oz. 
postavljene cilje disertacije. V prvih treh poglavjih uspešno ocenimo vrstno sestavo naših 
vzorcev na podlagi določitve MOTU-jev, izračunamo filogenije na vrstnih in populacijskih 
nivojih ter preučimo biogeografske vzorce izbranih rodov pajkov. V četrtem poglavju s 
sorazmerno novim pristopom za raziskave, ki se ukvarjajo z vrstno pestrostjo, uspešno 
določimo spremenljivko, ki najbolje napove vrstno pestrost rodov pajkov. 
 
Z zaključki, ki izhajajo iz prvih treh poglavij, delno podpremo model srednje disperzije 
(IDM), vendar ugotovimo, da je razvrščanje vrst (ali višjih taksonov) na podlagi njihovih 
disperzijskih zmožnosti v diskretne razrede IDM preveč poenostavljeno. Predvsem iz 
biogeografskega zornega kota je namreč disperzija bolj zapletena, kot to predlaga hipoteza 
IDM, ter izredno zahtevna za kvantifikacijo. Rod Tetragnatha na primer ne moremo 
uvrstiti v noben razred IDM, saj predstavlja bolj zapletene vzorce disperzijskih zmožnosti. 
Biogeografski vzorec rodu Cyrtognatha sicer podpira ta rod kot takson s slabimi 
disperzijskimi zmožnostmi, vendar je Cyrtognatha relativno vrstno pestra in sposobna 
prečkati morje, zato do neke mere spominja na hipotetični takson s srednjimi zmožnostmi 
disperzije. Tudi pri rodu Trichonephila previdnost ni odveč, saj je potrebno upoštevati tudi 
njeno starost na Karibih. Če bo Trichonephila podvržena določenim evolucijskim 
pritiskom, bo morda čez nekaj milijonov let njen biogeografski vzorec spominjal na tega, 
ki ga trenutno opazimo pri rodu Tetragnatha. Stopnja disperzijske zmožnosti taksonov je 
najverjetneje zvezna spremenljivka, zahtevna za kvantifikacijo ter dovzetna za spremembe 
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Annex A 
Chapter 1: Cyrtognatha specimen details and accession numbers 
Genus Species/ MOTU 
Voucher 





Cyrtognatha elyunquensis 00392873 Puerto Rico 18.29574 -65.79065 MH924072  
Cyrtognatha elyunquensis 00392894 Puerto Rico 18.29574 -65.79065 MH924073  
Cyrtognatha elyunquensis 00392865 Puerto Rico 18.29574 -65.79065 MH924071  
Cyrtognatha elyunquensis 00392845 Puerto Rico 18.17213 -65.77074 MH924069  
Cyrtognatha elyunquensis 00392808 Puerto Rico 18.28925 -65.77877 MH924066  
Cyrtognatha elyunquensis 00392813 Puerto Rico 18.28925 -65.77877 MH924067  
Cyrtognatha elyunquensis 00392764 Puerto Rico 18.28925 -65.77877 MH924065  
Cyrtognatha elyunquensis 00392745 Puerto Rico 18.28925 -65.77877 MH924063  
Cyrtognatha elyunquensis 00392732 Puerto Rico 18.28925 -65.77877 MH924062  
Cyrtognatha elyunquensis 00392911 Puerto Rico 18.29574 -65.79065 MH924074  
Cyrtognatha elyunquensis 00392843 Puerto Rico 18.29574 -65.79065 MH924068  
Cyrtognatha elyunquensis 00392763 Puerto Rico 18.29574 -65.79065 MH924064  
Cyrtognatha elyunquensis 00392853 Puerto Rico 18.29574 -65.79065 MH924070  
Cyrtognatha elyunquensis 00782105 Puerto Rico 18.17326 -66.59015 MH924075 MH924140 
Cyrtognatha elyunquensis 00782116 Puerto Rico 18.17326 -66.59015 MH924077 MH924141 
Cyrtognatha elyunquensis 00782110 Puerto Rico 18.17326 -66.59015 MH924076  
Cyrtognatha espanola 00782473 Hispaniola 19.35504 -070.111 MH924028  
Cyrtognatha espanola 00782595 Hispaniola 19.35504 -070.111 MH924036 MH924135 
Cyrtognatha espanola 00782517 Hispaniola 19.35504 -070.111 MH924032  
Cyrtognatha espanola 00782495 Hispaniola 19.35504 -070.111 MH924029  
Cyrtognatha espanola 00782505 Hispaniola 19.35504 -070.111 MH924030  
Cyrtognatha espanola 00782511 Hispaniola 19.35504 -070.111 MH924031  
Cyrtognatha espanola 00785757 Hispaniola 19.35504 -070.111 MH924047  
Cyrtognatha espanola 00784817 Hispaniola 19.35504 -070.111 MH924039  
Cyrtognatha espanola 00784739 Hispaniola 19.35504 -070.111 MH924038  
Cyrtognatha espanola 00785433 Hispaniola 19.35504 -070.111 MH924040  
Cyrtognatha espanola 00785697 Hispaniola 19.35504 -070.111 MH924044  
Cyrtognatha espanola 00782558 Hispaniola 19.35504 -070.111 MH924034 MH924134 
Cyrtognatha espanola 00785592 Hispaniola 19.35504 -070.111 MH924042  
Cyrtognatha espanola 00785705 Hispaniola 19.35504 -070.111 MH924045  
Cyrtognatha espanola 00785514 Hispaniola 19.35504 -070.111 MH924041  
Cyrtognatha espanola 00782583 Hispaniola 19.07796 -69.46635 MH924035  
Cyrtognatha espanola 00782543 Hispaniola 19.35504 -070.111 MH924033  
Cyrtognatha espanola 00785737 Hispaniola 19.35504 -070.111 MH924046  
Cyrtognatha espanola 00785647 Hispaniola 19.35504 -070.111 MH924043  
Cyrtognatha espanola 00787109 Hispaniola 19.03627 -70.54337 MH924048  
to be continued 
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continuation of Annex A - Chapter 1: Cyrtognatha specimen details and accession numbers 
Genus Species/ MOTU 
Voucher 





Cyrtognatha espanola 00787194 Hispaniola 19.03627 -70.54337 MH924050  
Cyrtognatha espanola 00787211 Hispaniola 19.03627 -70.54337 MH924051  
Cyrtognatha espanola 00787181 Hispaniola 19.03627 -70.54337 MH924049  
Cyrtognatha espanola 00784482 Hispaniola 19.05116 -70.88866 MH924037  
Cyrtognatha SP1 00001244A Guadeloupe 16.04208 -061.63816 MH924053  
Cyrtognatha SP1 00001272A Guadeloupe 16.04208 -061.63816 MH924054 MH924138 
Cyrtognatha SP1 00001314A Guadeloupe 16.04208 -061.63816 MH924055 MH924139 
Cyrtognatha SP1 00001319A Guadeloupe 16.04208 -061.63816 MH924056  
Cyrtognatha SP1 00001325A Guadeloupe 16.04208 -61.63816 MH924057  
Cyrtognatha SP2 00787050 Hispaniola N/A N/A MH924082  
Cyrtognatha SP2 00787032 Hispaniola N/A N/A MH924080 MH924143 
Cyrtognatha SP2 00787053 Hispaniola N/A N/A MH924083  
Cyrtognatha SP2 00787040 Hispaniola N/A N/A MH924081 MH924144 
Cyrtognatha SP2 00787095 Hispaniola 19.03750 -70.96918 MH924084  
Cyrtognatha SP2B 00786963 Hispaniola 18.82208 -070.6838 MH924079 MH924142 
Cyrtognatha SP2C 00784541 Hispaniola 18.09786 -71.18925 MH924078  
Cyrtognatha SP4 00002436A Jamaica 18.04833 -76.61814 MH924086  
Cyrtognatha SP4 00003042A Jamaica 18.04833 -76.61814 MH924090 MH924145 
Cyrtognatha SP4 00003025A Jamaica 18.04833 -76.61814 MH924089  
Cyrtognatha SP4 00002399A Jamaica 18.04833 -76.61814 MH924085  
Cyrtognatha SP4 00002589A Jamaica 18.04833 -76.61814 MH924087  
Cyrtognatha SP4 00002990A Jamaica 18.05350 -76.59950 MH924088  
Cyrtognatha SP4 00004283A Jamaica 18.05350 -76.59950 MH924100  
Cyrtognatha SP4 00004492A Jamaica 18.05350 -76.59950 MH924112  
Cyrtognatha SP4 00004414A Jamaica 18.05350 -76.59950 MH924106  
Cyrtognatha SP4 00004313A Jamaica 18.05350 -76.59950 MH924103 MH924146 
Cyrtognatha SP4 00004384A Jamaica 18.05350 -76.59950 MH924105  
Cyrtognatha SP4 00003825A Jamaica 18.05350 -76.59950 MH924092  
Cyrtognatha SP4 00003822A Jamaica 18.05350 -76.59950 MH924091  
Cyrtognatha SP4 00004474A Jamaica 18.05350 -76.59950 MH924111  
Cyrtognatha SP4 00004456A Jamaica 18.05350 -76.59950 MH924109  
Cyrtognatha SP4 00004029A Jamaica 18.05350 -76.59950 MH924094  
Cyrtognatha SP4 00004432A Jamaica 18.05350 -76.59950 MH924107  
Cyrtognatha SP4 00004294A Jamaica 18.05350 -76.59950 MH924101  
Cyrtognatha SP4 00004170A Jamaica 18.05350 -76.59950 MH924096  
Cyrtognatha SP4 00004335A Jamaica 18.05350 -76.59950 MH924104  
Cyrtognatha SP4 00004444A Jamaica 18.05350 -76.59950 MH924108  
Cyrtognatha SP4 00004206A Jamaica 18.05350 -76.59950 MH924098  
to be continued 
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continuation of Annex A - Chapter 1: Cyrtognatha specimen details and accession numbers 
Genus Species/ MOTU 
Voucher 





Cyrtognatha SP4 00004209A Jamaica 18.05350 -76.59950 MH924099  
Cyrtognatha SP4 00004202A Jamaica 18.05350 -76.59950 MH924097  
Cyrtognatha SP4 00004462A Jamaica 18.05350 -76.59950 MH924110  
Cyrtognatha SP4 00004310A Jamaica 18.05350 -76.59950 MH924102  
Cyrtognatha SP4 00004010A Jamaica 18.05350 -76.59950 MH924093  
Cyrtognatha SP4 00004136A Jamaica 18.05350 -76.59950 MH924095  
Cyrtognatha SP5 00003183A Jamaica 18.34769 -77.64158 MH924114 MH924148 
Cyrtognatha SP5 00002964A Jamaica 18.34769 -77.64158 MH924113 MH924147 
Cyrtognatha SP6 00003815A Jamaica 18.05350 -76.59950 MH924116 MH924150 
Cyrtognatha SP6 00003173A Jamaica 18.05350 -76.59950 MH924115 MH924149 
Cyrtognatha SP7 00782814 Cuba 20.01309 -76.83400 MH924120  
Cyrtognatha SP7 00782885 Cuba 20.01309 -76.83400 MH924121  
Cyrtognatha SP7 00782894 Cuba 20.01309 -76.83400 MH924122  
Cyrtognatha SP7 00000564A Cuba 20.31504 -76.55337 MH924119 MH924152 
Cyrtognatha SP7 00000232A Cuba 20.31504 -76.55337 MH924117 MH924151 
Cyrtognatha SP7 00000317A Cuba 20.31504 -76.55337 MH924118  
Cyrtognatha SP7 00784348 Cuba 20.00939 -76.89402 MH924123  
Cyrtognatha SP8 00784418 Hispaniola 19.05116 -70.88866 MH924124  
Cyrtognatha SP8 00784494 Hispaniola 19.05116 -70.88866 MH924125 MH924153 
Cyrtognatha SP8 00787280 Hispaniola 19.05116 -70.88866 MH924129  
Cyrtognatha SP8 00784608 Hispaniola 19.05116 -70.88866 MH924126  
Cyrtognatha SP8 00787174 Hispaniola 19.05116 -70.88866 MH924127  
Cyrtognatha SP8 00787178 Hispaniola 19.05116 -70.88866 MH924128 MH924154 
Cyrtognatha SP10 00001639A Grenada 12.09501 -61.69500 MH924058 MH924137 
Cyrtognatha SP10 00001673A Grenada 12.09501 -61.69500 MH924059  
Cyrtognatha SP10 00001688A Grenada 12.09501 -61.69500 MH924060  
Cyrtognatha SP10 00001792A Grenada 12.09501 -61.69500 MH924061  
Cyrtognatha SP10B 00001680A Saint Lucia  13.96448 -60.94473 MH924130 MH924155 
Cyrtognatha SP12 00787269 Hispaniola 19.05116 -70.88866 MH924052 MH924136 
Cyrtognatha atopica GB N/A Argentina N/A N/A GU129638  
Cyrtognatha sp. GB N/A Hispaniola N/A N/A KY017951  
Cyrtognatha sp. GB N/A Panama N/A N/A GU129630 GU129609 
Cyrtognatha sp. GB N/A Panama N/A N/A GU129629  
Arkys cornutus GB N/A N/A N/A N/A FJ607556 KY016938 
Chrysometa linguiformis 00784514 Cuba 22.56010 -83.83318 MH924027 MH924133 
Leucauge argyra 00782551 Hispaniola 19.35504 -70.11100 MH924131 MH924156 
Metellina mengei GB N/A N/A N/A N/A KY269213  
Pachygnatha degeeri GB N/A N/A N/A N/A KY268868  
Tetragnatha elongata 00001397A Florida, USA 29.61958 -82.30660 MH924132 MH924157 
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Annex C 
Chapter 1: Constrained all-terminal (COI) Bayesian phylogeny 
 
All-terminal (COI) Bayesian phylogeny with constrained basal Caribbean Cyrtognatha 
node. The constraint was made based on the two gene species level phylogeny due to 
known software difficulties on root placement in phylogenies using only a single 
mitochondrial gene. The below figure is the same as Figure 2 but has outgroups and 
specimen details displayed. HSP = Hispaniola; LA = Lesser Antilles; PR = Puerto Rico; 
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Annex D 
Chapter 1: Species level Bayesian phylogeny 
 
Two gene (COI and 28S) species level Bayesian phylogeny with specimen details 
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Annex E 
Chapter 1: BEAST chronogram 
 
BEAST chronogram using COI mutation rate for time calibration. Specimen details are 
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Annex F 
Chapter 1: BEAST chronogram with fossil calibration 
 
BEAST chronogram using COI mutation rate and Cyrtognatha weitschati fossil for time 
calibration. Specimen details are displayed. HSP = Hispaniola; LA = Lesser Antilles; PR = 
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Annex G 
Chapter 1: Alternative ancestral area estimation 
 
Ancestral area estimation of Cyrtognatha with BioGeoBEARS using DIVALIKE 
(max_range_size = 2). This is an alternative to the ancestral area estimation from Figure 5. 
In this analysis we did not use the founder event parameter (+J) due to concerns recently 
raised by Ree and Sanmartin (2018) about the statistical concept of +J parameter. 
However, when we eliminated the +J parameter, the results from DIVALIKE ancestral 
area estimation produced controversial results. The results suggested purely vicariant 
origins of all Cyrtognatha subclades which clearly does not fit the known geologic history 
of the Caribbean. A clear example are de novo formed volcanic Lesser Antilles and 
reemergence of Jamaica, both around 12 - 10 MYA. Therefore, the ancestral range of 
Hispaniola + Lesser Antilles and Hispaniola + Jamaica is not logical. Moreover, the timing 
of the remaining vicariant processes (events following the nodes with ancestral range of 
Panama + Hispaniola, Hispaniola + Cuba and Hispaniola + Puerto Rico) also do not fit the 
Caribbean geologic history. Therefore, within the constraints of our study, we find the 
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Annex H 
Chapter 1: Stepping stone analyses 
 
Stepping stone analyses were performed with Path Sampler from 
MODEL_SELECTION_1.4.1 expansion in BEAST2. We compared a) strict vs relaxed 
molecular clock and b) relaxed clock + Yule tree prior vs relaxed clock + Birth-Death tree 
prior. We set the chain length to 1 000 000 while we were increasing the number of steps 
in analysis from 8 (default) to 100, when we noticed a stabilization in marginal likelihood 
estimations, a signal of a sufficient number of steps. We left the other settings at their 
default values.  
 
Log marginal likelihood estimation for strict clock with Yule tree prior 
marginal L estimate = -3265.360447254418 
 
Log marginal likelihood estimation for relaxed clock with Yule tree prior 
marginal L estimate = -3238.2528045221197 (relaxed clock, yule tree prior) 
 
Log marginal likelihood estimation for relaxed clock with Birth-Death tree prior 
marginal L estimate = -3259.613809934745 
 
 
Likelihood ratio test (LRT) and Bayes factor (BF) 
 
LRT test was performed with lr.test in R package extRemes.  
 
Log BF was calculated as (log marginal likelihood of model 1 – log marginal likelihood of model 2). 
(https://revbayes.github.io/tutorials/model_selection_bayes_factors/bf_intro.html) 
 
Strict vs relaxed clock: LRT = 54.2 (p < 0.001); logBF = 27.1 in favor of relaxed clock 
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Annex I 
Chapter 1: Species delimitation results 
 
Species delimitation results, identical among mPTP, ABGD and PTP approaches 
Group [1] GU129629   Group [5] 00782517 00787211 Group [9] 00787174 
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* mPTP assigns 00784541 and 00001680A to groups [3] and [11] respectively 
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Annex J 
Chapter 1: BioGeoBEARS model comparison 
 
Results table: 
BGB model LnL #param d e j AIC AIC_wt AICc AICc_wt 
DEC -28.3956 2 0.009 0.029 0 60.791 < 0.0001 61.991 < 0.0001 
DEC+J -17.0473 3 < 0.0001 < 0.0001 0.076 40.095 0.2816 42.761 0.281 
DIVALIKE -26.3248 2 0.007 < 0.0001 0 56.650 < 0.0001 57.850 < 0.0001 
DIVALIKE+J -16.2585 3 < 0.0001 < 0.0001 0.070 38.517 0.6197 41.184 0.619 
BAYAREALIKE -31.25 2 0.014 0.073 0 66.500 < 0.0001 67.700 < 0.0001 




























DEC+J DEC -17.1 
-
28.4 3 2 22.7 < 0.0001 
chi-
squared one-t 40.09 60.79 1 < 0.001 31205 < 0.001 
DIVALIKE+J DIVALIKE -16.3 
-
26.3 3 2 20.1 < 0.0001 
chi-






31.2 3 2 26.3 < 0.0001 
chi-
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Annex K 
Chapter 2: Tetragnatha specimen details and accession codes 
 
Data in bold are non-Tetragnatha outgroups, represented by the following genera: (1) 
Arkys; (2) Linyphia; (3) Meta; (4) Metellina; (5) Pachygnatha; (6) Chrysometa; (7) 
Cyrtognatha; (8) Leucauge 
Species Voucher code 
Biogeographic 













elongata 00392883 Caribbean/Others Puerto Rico 17.95387 -66.84918 MK134014 MK144350 Yes Yes 
 elongata 00392908 Caribbean/Others Puerto Rico 17.95387 -66.84918 MK134015 
  
Yes 
 elongata 00782059 Caribbean/Others Puerto Rico 17.97147 -66.86796 MK134016 
  
Yes 
 elongata 00782147 Caribbean/Others Puerto Rico 18.17774 -66.48832 MK134017 
  
Yes 
 elongata 00782189 Caribbean/Others Puerto Rico 18.17774 -66.48832 MK134018 
  
Yes 
 elongata 00782226 Caribbean/Others Puerto Rico 18.15219 -66.55288 MK134019 
  
Yes 
 elongata 00784974 Caribbean/Others Cuba 21.54812 -77.77842 MK134020 
  
Yes 
 elongata 00787715 Caribbean/Others Cuba 21.54812 -77.77842 MK134021 
  
Yes 
 elongata 00787723 Caribbean/Others Cuba 21.54812 -77.77842 MK134022 MK144351 Yes Yes Yes 
elongata 00001240A Caribbean/Others USA (South-East) 29.62688 -82.29878 MK134013 
  
Yes 
 elongata 00001397A Caribbean/Others USA (South-East) 29.61958 -82.30660 MH924132 MH924157 Yes Yes 
 guatemalensis 00785044 Caribbean/Others Hispaniola 19.06707 -69.46355 MK134027 
  
Yes 
 guatemalensis 00785172 Caribbean/Others Cuba 21.54812 -77.77842 MK134028 MK144353 Yes Yes Yes 
guatemalensis 00001185A Caribbean/Others USA (South-East) 29.62688 -82.29878 MK134023 MK144352 Yes Yes 
 guatemalensis 00001200A Caribbean/Others USA (South-East) 29.62688 -82.29878 MK134024 
  
Yes 
 guatemalensis 00001247A Caribbean/Others USA (South-East) 29.62688 -82.29878 MK134025 
  
Yes 
 guatemalensis 00001361A Caribbean/Others USA (South-East) 29.63703 -82.29878 MK134026 
  
Yes 
 laboriosa 00784742 Caribbean/Others Hispaniola 18.70675 -70.60241 MK134029 MK144354 Yes Yes 
 laboriosa 00786956 Caribbean/Others Hispaniola 18.70675 -70.60241 MK134030 
  
Yes 
 laboriosa 00786958 Caribbean/Others Hispaniola 18.70675 -70.60241 MK134031 
  
Yes Yes 
laboriosa 00786967 Caribbean/Others Hispaniola 18.70675 -70.60241 MK134032 MK144355 Yes Yes 
 laboriosa 00786987 Caribbean/Others Hispaniola 18.82208 -70.6838 MK134033 
  
Yes 










 maxillosa 00784455 Caribbean/Others Hispaniola 19.06707 -69.46355 MK134038 MK144356 Yes Yes Yes 
maxillosa 00001986A Caribbean/Others Lesser Antilles 15.32571 -61.33831 MK134036 
  
Yes 
 maxillosa 00002157A Caribbean/Others Lesser Antilles 15.32571 -61.33831 MK134037 
  
Yes 
 nitens 00783343 Caribbean/Others Puerto Rico 18.35127 -66.33253 MK134040 MK144358 Yes Yes 
 nitens 00001295A Caribbean/Others USA (South-East) 29.62688 -82.29878 MK134039 MK144357 Yes Yes Yes 
pallescens 00782460 Caribbean/Others Hispaniola 19.06707 -69.46355 MK134041 
  
Yes 
 pallescens 00785120 Caribbean/Others Hispaniola 19.789 -70.717 MK134042 
  
Yes Yes 
pallescens 00785344 Caribbean/Others Hispaniola 19.06707 -69.46355 MK134043 MK144359 Yes Yes 
 pallescens 00785399 Caribbean/Others Hispaniola 19.06707 -69.46355 MK134044 
  
Yes 
 pallescens 00785531 Caribbean/Others Hispaniola 19.06707 -69.46355 MK134045 MK144360 Yes Yes 
 pallescens 00785789 Caribbean/Others Hispaniola 19.06707 -69.46355 MK134046 
  
Yes 
 shoshone 00392686 Caribbean/Others Puerto Rico 17.97147 -66.86796 MK134047 MK144361 Yes Yes 
 shoshone 00782156 Caribbean/Others Puerto Rico 18.15219 -66.55288 MK134048 MK144363 Yes Yes 
 shoshone 00782279 Caribbean/Others Puerto Rico 18.15219 -66.55288 MK134049 MK144364 Yes Yes Yes 
SP1 00782486 Caribeban Hispaniola 18.373354 -68.819834 MK134051 MK144365 Yes Yes 
 SP1 00784857 Caribeban Hispaniola 18.3816 -68.8017 MK134052 MK144366 Yes Yes 
 SP1 00785065 Caribeban Hispaniola 18.373354 -68.819834 MK134053 
  
Yes Yes 
SP1 00785215 Caribeban Hispaniola 18.35554 -68.61825 MK134054 MK144367 Yes Yes 
 SP1 00001221A Caribeban Lesser Antilles 16.04208 -61.63816 MK134050 
  
Yes 
 SP10 00784480 Caribbean/Others Cuba 20.00874 -76.88777 MK134074 
  
Yes 
 SP10 00784520 Caribbean/Others Cuba 20.33178 -74.56919 MK134075 
  
Yes 
 SP10 00785392 Caribbean/Others Hispaniola 19.35504 -70.111 MK134076 MK144369 Yes Yes Yes 
SP10 00786953 Caribbean/Others Hispaniola 18.82208 -70.6838 MK134077 
  
Yes 
 SP10 00000426A Caribbean/Others Lesser Antilles 17.11804 -62.58705 MK134055 MK144368 Yes Yes 
 SP10 00000767A Caribbean/Others USA (South-East) 37.33979 -79.32425 MK134056 
  
Yes 
 SP10 00000788A Caribbean/Others USA (South-East) 37.33979 -79.32425 MK134057 
  
Yes 
 to be continued 
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SP10 00000792A Caribbean/Others USA (South-East) 37.33979 -79.32425 MK134058 
  
Yes 
 SP10 00000902A Caribbean/Others USA (South-East) 37.33979 -79.32425 MK134059 
  
Yes 
 SP10 00001431A Caribbean/Others Lesser Antilles 17.64448 -63.23097 MK134060 
  
Yes 
 SP10 00001533A Caribbean/Others Lesser Antilles 17.47637 -62.97470 MK134061 
  
Yes 
 SP10 00001667A Caribbean/Others Lesser Antilles 14.10003 -60.92654 MK134062 
  
Yes 
 SP10 00001689A Caribbean/Others Lesser Antilles 14.10003 -60.92654 MK134063 
  
Yes 
 SP10 00001690A Caribbean/Others Lesser Antilles 14.10003 -60.92654 MK134064 
  
Yes 
 SP10 00001725A Caribbean/Others Lesser Antilles 14.10003 -60.92654 MK134065 
  
Yes 
 SP10 00001828A Caribbean/Others Lesser Antilles 13.96448 -60.94473 MK134066 
  
Yes 
 SP10 00001899A Caribbean/Others Lesser Antilles 13.31120 -61.22923 MK134067 
  
Yes 
 SP10 00002078A Caribbean/Others Lesser Antilles 15.22777 -61.2472 MK134068 
  
Yes 
 SP10 00002202A Caribbean/Others Lesser Antilles 12.51499 -61.44613 MK134069 
  
Yes 
 SP10 00002208A Caribbean/Others Lesser Antilles 12.51499 -61.44613 MK134070 
  
Yes 
 SP10 00002259A Caribbean/Others Lesser Antilles 12.99186 -61.2739 MK134071 
  
Yes 
 SP10 00002297A Caribbean/Others Lesser Antilles 12.51499 -61.44613 MK134072 
  
Yes 
 SP10 00002382A Caribbean/Others Lesser Antilles 15.22777 -61.2472 MK134073 
  
Yes 




















 SP11 00787191 Caribeban Hispaniola 19.03627 -70.54337 MK134088 MK144372 Yes Yes 















 SP11 00787719 Caribeban Cuba 21.54812 -77.77842 MK134092 
  
Yes 
 SP11 00001621A Caribeban Lesser Antilles 12.118 -61.7125 MK134078 
  
Yes 
 SP11 00001682A Caribeban Lesser Antilles 13.86685 -60.91768 MK134079 
  
Yes 
 SP11 00001734A Caribeban Lesser Antilles 12.118 -61.7125 MK134080 
  
Yes 
 SP11 00001757A Caribeban Lesser Antilles 12.118 -61.7125 MK134081 MK144370 Yes Yes 
 SP11 00001775A Caribeban Lesser Antilles 12.118 -61.7125 MK134082 
  
Yes 
 SP11 00004131A Caribeban Jamaica 18.02388 -76.63925 MK134083 
  
Yes 
 SP11 00001785A Caribeban Lesser Antilles 12.118 -61.7125 MK134093 MK144371 yes Yes 
 SP11 00782462 Caribeban Hispaniola 19.35504 -70.111 MK134096 
  
Yes 
 SP11 00785552 Caribeban Hispaniola 19.35504 -70.111 MK134097 MK144374 Yes Yes 
 SP11 00787716 Caribeban Cuba 21.54812 -77.77842 MK134098 
  
Yes 
 SP11 00787720 Caribeban Cuba 21.54812 -77.77842 MK134099 
  
Yes 
 SP11 00001662A Caribeban Lesser Antilles 13.86685 -60.91768 MK134094 MK144373 Yes Yes 
 SP11 00001683A Caribeban Lesser Antilles 13.86685 -60.91768 MK134095 
  
Yes 





SP12 00782041 Caribeban Puerto Rico 17.97147 -66.86796 MK134101 MK144375 Yes Yes 





 SP12 00785141 Caribeban Hispaniola 19.789 -70.717 MK134103 MK144376 Yes Yes 
 SP12 00785407 Caribeban Hispaniola 19.789 -70.717 MK134104 
  
Yes 
 SP12 00785792 Caribeban Hispaniola 19.789 -70.717 MK134105 
 
Yes Yes 

























 SP13 00787337 Caribeban Cuba 20.05269 -76.50296 MK134111 
  
Yes Yes 
SP13 00787346 Caribeban Cuba 20.05269 -76.50296 MK134112 
  
Yes 










 SP15 00786914 Caribeban Hispaniola 
  
MK134115 MK144377 Yes Yes 
 SP15 00786915 Caribeban Hispaniola 
  
MK134116 MK144378 Yes Yes 
 SP15 00787039 Caribeban Hispaniola 
  
MK134117 MK144379 Yes Yes 
 SP15 00787044 Caribeban Hispaniola 18.82208 -70.6838 MK134118 MK144380 Yes Yes Yes 
SP16 00787028 Caribeban Hispaniola 
  
MK134119 MK144381 Yes Yes Yes 





 SP16 00787049 Caribeban Hispaniola 
  
MK134121 MK144382 Yes Yes 





 SP2 00392759 Caribbean/Others Puerto Rico 18.32169 -65.81991 MK134141 
  
Yes 
 to be continued 
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SP2 00392773 Caribbean/Others Puerto Rico 18.32169 -65.81991 MK134142 
  
Yes 
 SP2 00392874 Caribbean/Others Puerto Rico 18.32169 -65.81991 MK134143 
  
Yes 
 SP2 00392920 Caribbean/Others Puerto Rico 18.32169 -65.81991 MK134144 
  
Yes 
 SP2 00782098 Caribbean/Others Puerto Rico 18.17774 -66.48832 MK134145 
  
Yes 
 SP2 00782164 Caribbean/Others Puerto Rico 18.17298 -66.4918 MK134146 
  
Yes 
 SP2 00782169 Caribbean/Others Puerto Rico 18.17298 -66.4918 MK134147 
  
Yes 
 SP2 00782172 Caribbean/Others Puerto Rico 18.17298 -66.4918 MK134148 MK144384 Yes Yes 
 SP2 00782199 Caribbean/Others Puerto Rico 18.17298 -66.4918 MK134149 
  
Yes 
 SP2 00782233 Caribbean/Others Puerto Rico 18.17298 -66.4918 MK134150 
  
Yes 
 SP2 00782249 Caribbean/Others Puerto Rico 18.17298 -66.4918 MK134151 
  
Yes 
 SP2 00782284 Caribbean/Others Puerto Rico 18.17298 -66.4918 MK134152 
  
Yes 
 SP2 00782286 Caribbean/Others Puerto Rico 18.17298 -66.4918 MK134153 
  
Yes 
 SP2 00782474 Caribbean/Others Hispaniola 19.06707 -69.46355 MK134154 
  
Yes Yes 
SP2 00782876 Caribbean/Others Cuba 20.32733 -74.59316 MK134155 
  
Yes 
 SP2 00782937 Caribbean/Others Cuba 20.05269 -76.50296 MK134156 
  
Yes 
 SP2 00782940 Caribbean/Others Cuba 20.05269 -76.50296 MK134157 
  
Yes 
 SP2 00783414 Caribbean/Others Cuba 20.32733 -74.59316 MK134158 
  
Yes 





 SP2 00783567 Caribbean/Others Puerto Rico 18.02825 -65.94247 MK134160 
  
Yes 
 SP2 00783572 Caribbean/Others Puerto Rico 18.02825 -65.94247 MK134161 
  
Yes 
 SP2 00784309 Caribbean/Others Cuba 20.05269 -76.50296 MK134162 
  
Yes 
 SP2 00784678 Caribbean/Others Hispaniola 19.03627 -70.54337 MK134163 
  
Yes 
 SP2 00785015 Caribbean/Others Cuba 20.32733 -74.59316 MK134164 
  
Yes 
 SP2 00785313 Caribbean/Others Hispaniola 19.35504 -70.111 MK134165 
  
Yes 
 SP2 00785320 Caribbean/Others Hispaniola 19.35504 -70.111 MK134166 
  
Yes 
 SP2 00785549 Caribbean/Others Hispaniola 19.35504 -70.111 MK134167 
  
Yes 
 SP2 00785589 Caribbean/Others Hispaniola 19.06707 -69.46355 MK134168 
  
Yes 
 SP2 00787213 Caribbean/Others Hispaniola 19.03627 -70.54337 MK134169 
  
Yes 
 SP2 00787340 Caribbean/Others Cuba 20.05269 -76.50296 MK134170 
  
Yes 
 SP2 00787361 Caribbean/Others Cuba 20.05269 -76.50296 MK134171 
  
Yes 
 SP2 00787401 Caribbean/Others Cuba 20.32733 -74.59316 MK134172 
  
Yes 
 SP2 00787411 Caribbean/Others Cuba 20.32733 -74.59316 MK134173 
  
Yes 
 SP2 00787437 Caribbean/Others Cuba 20.32733 -74.59316 MK134174 
  
Yes 
 SP2 00787601 Caribbean/Others Cuba 20.32733 -74.59316 MK134175 
  
Yes 
 SP2 00787801 Caribbean/Others Cuba 20.32733 -74.59316 MK134176 
  
Yes 
 SP2 00787815 Caribbean/Others Cuba 20.32733 -74.59316 MK134177 
  
Yes 





 SP2 00000350A Caribbean/Others Cuba 20.05269 -76.50296 MK134124 
  
Yes 
 SP2 00000358A Caribbean/Others Cuba 20.05269 -76.50296 MK134125 
  
Yes 
 SP2 00000367A Caribbean/Others Cuba 20.05269 -76.50296 MK134126 
  
Yes 
 SP2 00000375A Caribbean/Others Cuba 20.05269 -76.50296 MK134127 
  
Yes 
 SP2 00000626A Caribbean/Others Lesser Antilles 14.55589 -60.88903 MK134128 
  
Yes 
 SP2 00000702A Caribbean/Others USA (South-East) 37.00577 -81.10949 MK134129 
  
Yes 
 SP2 00000754A Caribbean/Others USA (South-East) 37.00577 -81.10949 MK134130 
  
Yes 
 SP2 00000817A Caribbean/Others USA (South-East) 37.33979 -79.32425 MK134131 
  
Yes 
 SP2 00000876A Caribbean/Others USA (South-East) 37.00577 -81.10949 MK134132 
  
Yes 
 SP2 00001266A Caribbean/Others USA (South-East) 33.03907 -79.56458 MK134133 
  
Yes 
 SP2 00001610A Caribbean/Others Lesser Antilles 12.118 -61.7125 MK134134 
  
Yes 
 SP2 00001664A Caribbean/Others Lesser Antilles 12.09501 -61.6950 MK134135 
  
Yes 
 SP2 00001729A Caribbean/Others Lesser Antilles 12.118 -61.7125 MK134136 
  
Yes 
 SP2 00003558A Caribbean/Others Jamaica 18.20702 -77.6279 MK134137 
  
Yes 
 SP2 00003626A Caribbean/Others Puerto Rico 18.17298 -66.4918 MK134138 
  
Yes 
 SP2 00003892A Caribbean/Others Jamaica 18.20702 -77.62797 MK134139 
  
Yes 
 SP2 00004383A Caribbean/Others Jamaica 18.02388 -076.6392 MK134140 MK144383 Yes Yes 





SP2B 00782185 Caribbean Puerto Rico 18.17774 -66.48832 MK134184 
  
Yes 
 SP2B 00782230 Caribbean Puerto Rico 18.17298 -66.4918 MK134185 MK144385 Yes Yes 
 SP2B 00782247 Caribbean Puerto Rico 18.17298 -66.4918 MK134186 MK144386 Yes Yes 
 SP2B 00782254 Caribbean Puerto Rico 18.17298 -66.4918 MK134187 
  
Yes 
 SP2B 00782435 Caribbean Hispaniola 19.06707 -69.46355 MK134188 
  
Yes 
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SP2B 00000353A Caribbean Cuba 20.314141 -74.39321 MK134179 
  
Yes 
 SP2B 00003544A Caribbean Puerto Rico 18.17298 -66.4918 MK134180 
  
Yes 
 SP2B 00003564A Caribbean Jamaica 18.38008 -77.7189 MK134181 
  
Yes 
 SP2B 00003792A Caribbean Puerto Rico 18.17298 -66.4918 MK134182 
  
Yes 
 SP2B 00003839A Caribbean Puerto Rico 18.17298 -66.4918 MK134183 
  
Yes 
 SP2C 00782122 Caribbean Puerto Rico 18.41437 -66.72872 MK134191 
  
Yes 
 SP2C 00782231 Caribbean Puerto Rico 18.41437 -66.72872 MK134192 
  
Yes 
 SP2C 00782232 Caribbean Puerto Rico 18.41437 -66.72872 MK134193 
  
Yes 
 SP2C 00782260 Caribbean Puerto Rico 18.41437 -66.72872 MK134194 MK144387 Yes Yes 
 SP2C 00782800 Caribbean Cuba 21.59166 -77.78822 MK134195 
  
Yes 
 SP2C 00784955 Caribbean Cuba 21.59166 -77.78822 MK134196 
  
Yes 
 SP2C 00784990 Caribbean Cuba 21.59166 -77.78822 MK134197 
  
Yes 
 SP2C 00785753 Caribbean Hispaniola 19.06707 -69.46355 MK134198 MK144388 Yes Yes 
 SP2C 00787270 Caribbean Cuba 21.59166 -77.78822 MK134199 
  
Yes 
 SP2C 00787499 Caribbean Cuba 21.59166 -77.78822 MK134200 
  
Yes 















 SP3 00782684 Caribbean Mona 
  
MK134204 MK144389 Yes Yes Yes 















 SP3 00784466 Caribbean Hispaniola 18.3816 -68.8017 MK134208 
  
Yes 








































 SP3 00785685 Caribbean Hispaniola 19.06707 -69.46355 MK134217 MK144390 Yes Yes 





 SP3 00786842 Caribbean Mona 18.08917 -67.90091 MK134219 
  
Yes 
 SP3 00786854 Caribbean Mona 18.08917 -67.90091 MK134220 
  
Yes 
 SP4 00004066A Caribbean Jamaica 18.08903 -76.72765 MK134221 
  
Yes 
 SP4 00004171A Caribbean Jamaica 18.08903 -76.72765 MK134222 
  
Yes 
 SP4 00004298A Caribbean Jamaica 18.08903 -76.72765 MK134223 
  
Yes 
 SP4 00004496A Caribbean Jamaica 18.08903 -76.72765 MK134224 
  
Yes 
 SP4 00004499A Caribbean Jamaica 18.08903 -76.72765 MK134225 MK144391 Yes Yes Yes 
SP5 00001243A Caribbean Lesser Antilles 16.37752 -61.47869 MK134226 MK144392 Yes Yes Yes 
SP5 00001400A Caribbean Lesser Antilles 16.37752 -61.47869 MK134227 MK144393 Yes Yes 
 SP7 00782431 Caribbean/Others Hispaniola 18.373354 -68.819834 MK134236 
  
Yes Yes 
SP7 00782585 Caribbean/Others Hispaniola 19.35504 -70.111 MK134237 MK144394 
 
Yes 
 SP7 00782873 Caribbean/Others Cuba 22.56010 -83.83318 MK134238 
  
Yes 
 SP7 00785032 Caribbean/Others Cuba 22.56010 -83.83318 MK134239 
  
Yes 
 SP7 00785108 Caribbean/Others Hispaniola 19.35504 -70.111 MK134240 
  
Yes 
 SP7 00785317 Caribbean/Others Hispaniola 19.789 -70.717 MK134241 
  
Yes 
 SP7 00785619 Caribbean/Others Hispaniola 19.35504 -70.111 MK134242 
  
Yes 
 SP7 00787500 Caribbean/Others Cuba 22.53527 -83.70089 MK134243 
  
Yes 
 SP7 00787502 Caribbean/Others Cuba 22.53527 -83.70089 MK134244 
  
Yes 
 SP7 00787503 Caribbean/Others Cuba 22.53527 -83.70089 MK134245 
  
Yes 
 SP7 00787509 Caribbean/Others Cuba 22.53527 -83.70089 MK134246 
  
Yes 
 SP7 00787512 Caribbean/Others Cuba 22.53527 -83.70089 MK134247 
  
Yes 
 SP7 00787604 Caribbean/Others Cuba 22.53527 -83.70089 MK134248 
  
Yes 
 SP7 00000314A Caribbean/Others Cuba 22.53527 -83.70089 MK134228 
  
Yes 
 SP7 00000370A Caribbean/Others Cuba 22.53527 -83.70089 MK134229 
  
Yes 
 SP7 00000385A Caribbean/Others Cuba 22.53527 -83.70089 MK134230 
  
Yes 
 SP7 00000845A Caribbean/Others USA (South-East) 37.00577 -81.10949 MK134231 
  
Yes 
 SP7 00001378A Caribbean/Others Lesser Antilles 16.04208 -61.63816 MK134232 
  
Yes 
 SP7 00003471A Caribbean/Others Jamaica 17.73755 -077.22458 MK134233 
  
Yes 
 SP7 00003515A Caribbean/Others Jamaica 18.45891 -77.60586 MK134234 
  
Yes 
 to be continued 
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SP7 00003936A Caribbean/Others Jamaica 18.38008 -77.71894 MK134235 
  
Yes 
 SP7 00785481 Caribbean/Others Hispaniola 19.789 -70.717 MK134249 
  
Yes 
 SP7 00785501 Caribbean/Others Hispaniola 19.35504 -70.111 MK134250 MK144395 
 
Yes 
 SP7 00785755 Caribbean/Others Hispaniola 19.789 -70.717 MK134251 
  
Yes 
 SP7 00785796 Caribbean/Others Hispaniola 19.789 -70.717 MK134252 
  
Yes 
 SP8 00001189A Others USA (South-East) 29.61958 -82.30660 MK134253 MK144396 Yes Yes Yes 
SP9 00000132A Caribbean Lesser Antilles 17.14145 -62.57784 MK134254 
  
Yes Yes 
SP9 00000152A Caribbean Lesser Antilles 17.14145 -62.57784 MK134255 MK144397 Yes Yes 
 SP9 00000225A Caribbean Lesser Antilles 17.14145 -62.57784 MK134256 
  
Yes 
 SP9 00000415A Caribbean Lesser Antilles 17.14145 -62.57784 MK134257 
  
Yes 
 SP9 00000465A Caribbean Lesser Antilles 17.14145 -62.57784 MK134258 MK144398 Yes Yes 
 SP9 00000475A Caribbean Lesser Antilles 17.14145 -62.57784 MK134259 
  
Yes 
 SP9 00001425A Caribbean Lesser Antilles 17.64448 -63.23097 MK134260 
  
Yes 
 SP9 00000236A Caribbean Lesser Antilles 14.55589 -60.88903 MK134261 MK144399 Yes Yes 
 SP9 00000508A Caribbean Lesser Antilles 14.55589 -60.88903 MK134262 MK144400 Yes Yes 
 viridis 00782112 Caribbean/Others Puerto Rico 18.17298 -66.49179 MK134265 
  
Yes 
 viridis 00001056A Caribbean/Others USA (South-East) 33.03907 -79.56458 MK134263 MK144401 Yes Yes 
 viridis 00001192A Caribbean/Others USA (South-East) 29.62986 -82.29880 MK134264 MK144402 Yes Yes Yes 
           anuenue GenBank Others 




brevignatha GenBank Others 




caudata GenBank Caribbean/Others 




dearmata GenBank Others 




elongata GenBank Caribbean/Others 




 extensa GenBank Others 




geniculata GenBank Others 




guatemalensis GenBank Caribbean/Others 




 hasselti GenBank Others 




javana GenBank Others 




kamakou GenBank Others 




kauaiensis GenBank Others 




kukuhaa GenBank Others 




laboriosa GenBank Caribbean/Others 




 lauta GenBank Others 




macilenta GenBank Others 




macracantha GenBank Others 




mandibulata GenBank Others 




marquesiana GenBank Others 




maxillosa GenBank Caribbean/Others 




 maxillosa GenBank Caribbean/Others 




 montana GenBank Others 




cf. moua GenBank Others 




 moua GenBank Others 




nigrita GenBank Others 




nitens GenBank Caribbean/Others 




 nitens GenBank Caribbean/Others 




 nitens GenBank Caribbean/Others 




 obtusa GenBank Others 




pallescens GenBank Caribbean/Others 




pinicola GenBank Others 




praedonia GenBank Others 




quasimodo GenBank Others 




rava GenBank Others 




shoshone GenBank Caribbean/Others 




 shoshone GenBank Caribbean/Others 




 SP15 GenBank Caribbean 




 SP16 GenBank Caribbean 




 squamata GenBank Others 




straminea GenBank Caribbean/Others 




vermiformis GenBank Others 




versicolor GenBank Caribbean/Others 




viridis GenBank Caribbean/Others 
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viridis GenBank Caribbean/Others 




 waikamoi GenBank Others 




           (1) sp. GenBank Outgroup 
   
KM486422 FJ607556 Yes Yes Yes 
(2) triangularis GenBank Outgroup 




 (3) menardi GenBank Outgroup 
   
KY268566 EU003413 Yes Yes 
 (4) mengei GenBank Outgroup 




 (4) merianae GenBank Outgroup 
   
KY268793 EU003416 Yes Yes 
 (4) segmentata GenBank Outgroup 
   
KX536928 KY017399 Yes Yes 
 (5) clercki GenBank Outgroup 




 (5) degeeri GenBank Outgroup 




 (5) dorothea GenBank Outgroup 




 (5) listeri GenBank Outgroup 





           (6) linguiformis Original Outgroup 
   
MK134010 MK144403 Yes Yes 
 (6) linguiformis Original Outgroup 




 (6) linguiformis Original Outgroup 




 (7) espanola Original Outgroup 
   
MH924029 MH924134 Yes Yes 
 (7) SP11 Original Outgroup 
   
MH924062 MH924140 Yes Yes 
 (7) SP8 Original Outgroup 
   
MH924125 MH924153 Yes Yes 
 (8) argyra Original Outgroup 
   
MH924131 MK144404 Yes Yes 
 (8) SP1A Original Outgroup 
   
MK134011 MK144405 Yes Yes 
 (8) venusta Original Outgroup 
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Annex L 
Chapter 2: Unconstrained, all-terminal Bayesian phylogeny of Tetragnatha 
 
All-terminal COI Tetragnatha phylogeny. For this phylogenetic reconstruction we did not 
enforce Tetragnatha monophyly (less appropriate considering model comparison results). 
Among outgroups, Pachygnatha is nested within Tetragnatha, thus breaking its 
monophyly.  Here, we also transformed branching into polytomies at nodes with less than 
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Annex M 
Chapter 2: bModelTest results 
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Annex N 
Chapter 2: ABGD species delimitation results 
 
ABGD delineate unidentified Tetragnatha individuals into 17 MOTUs 
[1] SP1_00001221A SP1_00785065 [3] SP3_00782342 SP3_00785259 [12] SP10_00000426A SP10_00002259A 
 SP1_00784857 SP1_00785215  SP3_00782682 SP3_00782687  SP10_00002078A SP10_00002208A 
 SP1_00782486   SP3_00785694 SP3_00785463  SP10_00001667A SP10_00002297A 
    SP3_00785645 SP3_00784935  SP10_00001828A SP10_00002202A 
[2] SP2_00000208I SP2_00000358A  SP3_00786854 SP3_00786842  SP10_00001431A SP10_00000767A 
 SP2_00782937 SP2_00787340  SP3_00782681 SP3_00784595  SP10_00784480 SP10_00000902A 
 SP2_00000702A SP2_00783414  SP3_00785006 SP3_00785685  SP10_00001533A SP10_00000788A 
 SP2_00000754A SP2_00787411  SP3_00782693 SP3_00782719  SP10_00002382A SP10_00000792A 
 SP2_00000817A SP2_00000367A  SP3_00785447 SP3_00784937  SP10_00001689A SP10_00786953 
 SP2_00001266A SP2_00782876  SP3_00782684 SP3_00784466  SP10_00001725A SP10_00785392 
 SP2_00787815 SP2_00782172     SP10_00001690A SP10_00784520 
 SP2_00782169 SP2_00787601 [4] SP4_00004066A SP4_00004499A  SP10_00001899A  
 SP2_00782249 SP2_00000876A  SP4_00004496A SP4_00004298A    
 SP2_00003626A SP2_00784309  SP4_00004171A  [13] SP11_00001621A SP11_00004054A 
 SP2_00392874 SP2_00785015     SP11_00787719 SP11_00787140 
 SP2_00392759 SP2_00787437 [5] SP5_00001243A SP5_00001400A  SP11_00787149 SP11_00787167 
 SP2_00782164 SP2_00787401     SP11_00787161 SP11_00787202 
 SP2_00392920 SP2_00003558A [6] SP7_00000314A SP7_00787502  SP11_00787232 SP11_00001785A 
 SP2_00782284 SP2_00003892A  SP7_00787509 SP7_00787503  SP11_00787191 SP11_00001662A 
 SP2_00783500 SP2_00000626A  SP7_00000385A SP7_00787512  SP11_00787241 SP11_00782462 
 SP2_00787801 SP2B_00003839A  SP7_00787604 SP7_00785317  SP11_00001682A SP11_00001683A 
 SP2_00783567 SP2B_00003792A  SP7_00000845A SP7_00782431  SP11_00001757A SP11_00787720 
 SP2_00783572 SP2B_00782435  SP7_00003936A SP7_00785619  SP11_00001734A SP11_00785552 
 SP2_00392773 SP2B_00782185  SP7_00003471A SP7_00782585  SP11_00001775A SP11_00787716 
 SP2_00785549 SP2B_00782230  SP7_00003515A SP7_00785108    
 SP2_00001610A SP2B_00782247  SP7_00787500 SP7_00785481 [14] SP12_00782041 SP12_00785407 
 SP2_00001729A SP2B_00782254  SP7_00000370A SP7_00785501  SP12_00785141 SP12_00787017 
 SP2_00782199 SP2B_00003544A  SP7_00001378A SP7_00785796  SP12_00787110 SP12_00785792 
 SP2_00782474 SP2B_00787221  SP7_00782873 SP7_00785755  SP12_00784695 SP12_00787016 
 SP2_00785589 SP2B_00787218  SP7_00785032   SP12_00786999 SP12_00787002 
 SP2_00782233 SP2B_00000353A       
 SP2_00782286 SP2B_00003564A [7] SP8_00001189A  [15] SP13_00787337 SP13_00787346 
 SP2_00001664A SP2C_00782122       
 SP2_00784678 SP2C_00782231 [8] SP9_00000132A SP9_00000225A    
 SP2_00004383A SP2C_00782800  SP9_00000475A SP9_00001425A [16] SP15_00786891 SP15_00787039 
 SP2_00782098 SP2C_00784990  SP9_00000152A SP9_00000236A  SP15_00786915 SP15_GU129631_GB 
 SP2_00787213 SP2C_00784955  SP9_00000415A SP9_00000508A  SP15_00786893 SP15_00787044 
 SP2_00785313 SP2C_00787270  SP9_00000465A   SP15_00786914  
to be continued 
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continuation of Annex N - Chapter 2: ABGD species delimitation results 
 
 
[2] SP2_00785320 SP2C_00787499       
 SP2_00000350A SP2C_00785753 [9] SP20_00006328A  [17] SP16_00787028 SP16_00787049 
 SP2_00000375A SP2C_00782232     SP16_00787037 SP16_GU129633 
 SP2_00787361 SP2C_00782260 [10] SP21_00003204A   SP16_00787052  
 SP2_00782940        
   [11] SP22_00787027     
         
 





































































   
    pallescens_ 
00785399 































   
 laboriosa_ 
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ABGD delineate Tetragnatha species from GenBank into 29 MOTUs 
[26] nigrita_KY269886_GB  [36] marquesiana_EU796926_GB  [46] anuenue_AY530516_GB  
 praedonia_JN817124_GB        
   [37] squamata_JN817128_GB  [47] quasimodo_AY530430_GB  
[27] geniculata_KT383673_GB        
   [38] mandibulata_EU796932_GB  [48] kukuhaa_AY490365_GB  
[28] hasselti_KU836891_GB        
   [39] lauta_KU836892_GB  [49] kamakou_DQ182762_GB  
[29] macilenta_KX054935_GB        
   [40] versicolor_JF884787_GB  [50] macracantha_DQ182768_GB  
[30] straminea_HQ924529_GB        
   [41] pinicola_KX537342_GB  [51] waikamoi_AY490374_GB  
[31] caudata_JF885230_GB        
   [42] dearmata_JF885283_GB  [52] brevignatha_AY530475_GB  
[32] montana_KY268569_GB        
   [43] rava_EU796902_GB  [53] kauaiensis_AY490333_GB  
[33] obtusa_KY270283_GB        
   [44] nitens_EU796913_GB  [54] moua_EU796906_GB  
[34] vermiformis_KP645997_GB   nitens_EU796911_GB     
         




Čandek, K., The role of dispersal in spider speciation, distribution and patterns … of the Caribbean archipelago. 
   Doct. Dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2018 
 
Annex O 
Chapter 2: BioGeoBEARS model comparison 
 
Results table: 
BGB model LnL #param d e j AIC AIC_wt AICc AICc_wt 
DEC -62.90 2 0.026 0.029 0 129.8 0.002 130 0.002 
DEC+J -60.45 3 0.019 < 0.0001 0.088 126.9 0.009 127.4 0.009 
DIVALIKE -62.19 2 0.026 < 0.0001 0 128.4 0.004 128.6 0.005 
DIVALIKE+J -62.01 3 0.025 < 0.0001 0.023 130 0.002 130.5 0.002 
BAYAREALIKE -61.65 2 < 0.0001 0.015 0 127.3 0.007 127.5 0.008 
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Annex P 
Chapter 3: Trichonephila speciem details and accession codes 
 
Specimen details, GenBank and BOLDsystems accession codes. Specimens written in bold 
have been used in species delimitation analyses.  
 
Species Area COI - GenBank COI - BOLD 
Original 
voucher codes 
clavipes Brazil MF476261   
clavipes Brazil MF476266   
clavipes Brazil MF476270   
clavipes Brazil MF476272   
clavipes Brazil MF476278   
clavipes Brazil MF476282   
clavipes Brazil MF476284   
clavipes Brazil MF476286   
clavipes Brazil MF476296   
clavipes Brazil MF476298   
clavipes Brazil MF476304   
clavipes Brazil MF476305   
clavipes Brazil MF476306   
clavipes Brazil MF476308   
clavipes Brazil MF476309   
clavipes Brazil MF476312   
clavipes Brazil MF476315   
clavipes Brazil MF476319   
clavipes Brazil MF476322   
clavipes Brazil MF476329   
clavipes Brazil MF476330   
clavipes Brazil MF476342   
clavipes Brazil MF476357   
clavipes Brazil MF476369   
clavipes Brazil MF476370   
clavipes Brazil MF476371   
clavipes Brazil MF476373   
clavipes Brazil MF476374   
clavipes Brazil MF476375   
clavipes Brazil MF476376   
clavipes Brazil MF476377   
clavipes Brazil MF476390   
clavipes Brazil MF476391   
clavipes Brazil MF476400   
clavipes Brazil MF476401   
clavipes Brazil MF476439   
to be continued 
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continuation of Annex N - Chapter 3: Trichonephila speciem details and accession codes 
Species Area COI - GenBank COI - BOLD 
Original 
voucher codes 
clavipes Brazil MF476442   
clavipes Brazil MF476451   
clavipes Brazil MF476455   
clavipes Brazil MF476458   
clavipes Brazil MF476473   
clavipes Brazil MF476474   
clavipes Brazil MF476475   
clavipes Brazil MF476482   
clavipes Brazil MF476491   
clavipes Brazil MF476493   
clavipes Brazil MF476495   
clavipes Brazil MF476514   
clavipes Brazil MF476515   
clavipes Brazil MF476516   
clavipes Brazil MF476519   
clavipes Brazil MF476522   
clavipes Brazil MF476523   
clavipes Brazil MF476537   
clavipes Brazil MF476542   
clavipes Brazil MF476545   
clavipes Brazil MF476552   
clavipes Brazil MF476573   
clavipes Colombia MF476560   
clavipes Colombia MF476561   
clavipes Colombia MF476562   
clavipes Colombia MF476563   
clavipes Colombia MF476564   
clavipes Costa Rica MK161001  00003178A 
clavipes French Guiana  GBA16660-14  
clavipes Hispaniola MK161015  00782300 
clavipes Hispaniola MK161016  00784590 
clavipes Hispaniola MK161018  00784999 
clavipes Hispaniola MK161019  00785163 
clavipes Hispaniola MK161020  00785428 
clavipes Hispaniola MK161026  00787072 
clavipes Hispaniola MK161028  00787083 
clavipes Hispaniola MK161029  00787084 
clavipes Hispaniola MK161031  00787128 
clavipes Hispaniola MK161032  00787168 
clavipes Jamaica MK161002  00003351A 
clavipes Jamaica MK161003  00003566A 
clavipes Mexico MK161004  00005282A 
to be continued 
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continuation of Annex N - Chapter 3: Trichonephila speciem details and accession codes 
Species Area COI - GenBank COI - BOLD 
Original 
voucher codes 
clavipes Mona MK161017  00784840 
clavipes Mona MK161021  00786837 
clavipes Mona MK161022  00786855 
clavipes Mona MK161023  00786870 
clavipes Mona MK161024  00786880 
clavipes Mona MK161025  00786904 
clavipes Mona MK161027  00787075 
clavipes Mona MK161030  00787104 
clavipes Panama  GBCH3892-09  
clavipes Panama  GBCH7190-13  
clavipes Panama   N/A 
clavipes Panama   N/A 
clavipes Puerto Rico MK161008  00392678 
clavipes Puerto Rico MK161009  00392719 
clavipes Puerto Rico MK161010  00392722 
clavipes Puerto Rico MK161011  00392766 
clavipes Puerto Rico MK161012  00392851 
clavipes Puerto Rico MK161013  00782148 
clavipes Puerto Rico MK161014  00782167 
clavipes Turks and Caicos MK161005  00006021A 
clavipes Turks and Caicos MK161006  00006183A 
clavipes Turks and Caicos MK161007  00006203A 
clavipes USA  BBUSE1911-12  
clavipes USA  BBUSE1912-12  
clavipes USA  BBUSE1913-12  
clavipes USA  BBUSE1914-12  
clavipes USA  BBUSE1940-12  
clavipes USA  BBUSE2941-12  
clavipes USA  BBUSU1034-15  
clavipes USA  BBUSU1042-15  
clavipes USA  BBUSU1043-15  
clavipes USA  BBUSU1044-15  
clavipes USA  BBUSU1045-15  
clavipes USA  BBUSU1046-15  
clavipes USA  BBUSU1048-15  
clavipes USA  BBUSU1093-15  
clavipes USA  BBUSU1094-15  
clavipes USA  BBUSU1095-15  
clavipes USA  BBUSU1096-15  
clavipes USA  BBUSU1097-15  
clavipes USA  BBUSU1099-15  
clavipes USA  BBUSU564-15  
to be continued 
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continuation of Annex N - Chapter 3: Trichonephila speciem details and accession codes 
Species Area COI - GenBank COI - BOLD 
Original 
voucher codes 
clavipes USA  BBUSU603-15  
clavipes USA  BBUSU617-15  
clavipes USA  BBUSU662-15  
clavipes USA MK160998  00000695A 
clavipes USA MK160999  00001094A 
clavipes USA MK161000  00001139A 
clavipes USA   N/A 
clavata China  GBA16309-14  
clavata China  GBCH7192-13  
clavata Japan  GBCH7191-13  
clavata Taiwan  GBCH7193-13  
clavata USA  GBA24390-15  
clavata USA  GBA24391-15  
fenestrata S. African Rep.  AUSPI296-14  
fenestrata S. African Rep.  GBA17451-14  
fenestrata S. African Rep.  GBCH7186-13  
inaurata Madagascar  GBA17318-14  
inaurata Madagascar  GBCH5857-13  
inaurata Madagascar  RNOCF133-17  
inaurata Mauritius  GBCH5828-13  
inaurata Mayotte  GBCH5838-13  
inaurata S. African Rep.  GBCH7185-13N  
komaci S. African Rep.  GBA17452-14  
pilipes Australia  GBCH5872-13  
pilipes Indonesia  GBA16765-14  
pilipes Indonesia  GBMIN114575-17  
pilipes Taiwan  GBCH7183-13  
plumipes Australia  GBA15831-14  
plumipes Australia  GBCH7181-13  
plumipes Australia  GBCH7182-13  
plumipes Australia  GBMIN117428-17  
senegalensis S. African Rep.  AUSPI344-14  
senegalensis S. African Rep.  GBA17453-14  
senegalensis S. African Rep.  GBCH7180-13  
sexpunctata Argentina  GBMIN116269-17  
sexpunctata Argentina  GBMIN116272-17  
sexpunctata Brazil  GBMIN116252-17  
sexpunctata Brazil  GBMIN116261-17  
sexpunctata Brazil  GBMIN116303-17  
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Annex Q1  
Chapter 3: mPTP - strict clock, Yule tree prior 
 
Number of edges greater than minimum branch length: 106 / 106 
Score Null Model: -87.784519 
Best score for single coalescent rate: -10.821428 
Best score for multi coalescent rate: 36.344792 
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Annex Q2 
Chapter 3: mPTP - strict clock, Coalescent constant population tree prior 
 
Number of edges greater than minimum branch length: 106 / 106 
Score Null Model: -97.117596 
Best score for single coalescent rate: -7.483307 
Best score for multi coalescent rate: 46.712257 
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Annex Q3 
Chapter 3: mPTP - relaxed clock, Yule tree prior 
 
Number of edges greater than minimum branch length: 106 / 106 
Best score for single coalescent rate: -58.323584 
Best score for multi coalescent rate: -47.032827 
Writing delimitation file ../uploads/h36jfcnf7ic030cfikogqhl882.1.txt ... 
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Annex Q4 
Chapter 3: mPTP - relaxed clock, Coalescent constant population tree prior 
 
Number of edges greater than minimum branch length: 106 / 106 
Score Null Model: -92.672660 
Best score for single coalescent rate: -1.886556 
Best score for multi coalescent rate: 32.234057 
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Annex Q5 
Chapter 3: GMYC single threshold - strict clock, Yule tree prior 
 
method: single 
likelihood of null model: 119.1548 
maximum likelihood of GMYC model: 128.9464 
likelihood ratio: 19.58335 
result of LR test: 5.59151e-05*** 
number of ML clusters: 9 
confidence interval: 8-12 
number of ML entities: 11 
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Annex Q6 




likelihood of null model: 123.6431 
maximum likelihood of GMYC model: 133.22 
likelihood ratio: 19.15372 
result of LR test: 6.931433e-05*** 
number of ML clusters: 9 
confidence interval: 8-12 
number of ML entities: 11 
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Annex Q7 
Chapter 3: GMYC single threshold - relaxed clock, Yule tree prior 
 
method: single 
likelihood of null model: 96.47608 
maximum likelihood of GMYC model: 97.58583 
likelihood ratio: 2.219499 
result of LR test: 0.3296415n.s. 
number of ML clusters: 12 
confidence interval: 1-17 
number of ML entities: 12 
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Annex Q8 




likelihood of null model: 124.9696 
maximum likelihood of GMYC model: 128.7631 
likelihood ratio: 7.586919 
result of LR test: 0.02251757* 
number of ML clusters: 10 
confidence interval: 5-13 
number of ML entities: 14 
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Annex Q9 
Chapter 3: GMYC multiple thresholds - strict clock, Yule tree prior 
 
method: multiple 
likelihood of null model: 119.1548 
maximum likelihood of GMYC model: 130.4718 
likelihood ratio: 22.63412 
result of LR test: 1.216362e-05*** 
number of ML clusters: 11 
confidence interval: 9-11 
number of ML entities: 15 
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Annex Q10 




likelihood of null model: 123.6431 
maximum likelihood of GMYC model: 134.6652 
likelihood ratio: 22.04421 
result of LR test: 1.633653e-05*** 
number of ML clusters: 11 
confidence interval: 8-11 
number of ML entities: 15 
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Annex Q11 
Chapter 3: GMYC multiple thresholds - relaxed clock, Yule tree prior 
 
method: multiple 
likelihood of null model: 96.47608 
maximum likelihood of GMYC model: 99.78599 
likelihood ratio: 6.619813 
result of LR test: 0.03651958* 
number of ML clusters: 16 
confidence interval: 11-17 
number of ML entities: 22 
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Annex Q12 
Chapter 3: GMYC multiple thresholds - relaxed clock, Coalescent constant 
population tree prior 
 
method: multiple 
likelihood of null model: 124.9696 
maximum likelihood of GMYC model: 129.5673 
likelihood ratio: 9.195396 
result of LR test: 0.010075* 
number of ML clusters: 11 
confidence interval: 5-12 
number of ML entities: 25 
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Annex Q13 
Chapter 3: mPTP with MrBayes tree (unconstrained) as input 
 
Number of edges greater than minimum branch length: 106 / 106 
Score Null Model: 340.880193 
Best score for single coalescent rate: 402.885724 
Best score for multi coalescent rate: 432.874263 
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Annex Q14 
Chapter 3: mPTP with MrBayes tree (ingroup only) as input 
 
Number of edges greater than minimum branch length: 42 / 42 
Score Null Model: 174.707658 
Best score for single coalescent rate: 188.164017 
Best score for multi coalescent rate: 191.772847 
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Annex R 
Chapter 3: ABDG delimitation results 
 
The number of delineated species was identical for X (relative gap width) values between 1 
and 1.5 and for all implemented substitution models in ABGD (JC69, K80, simple 
distance). The initial partition delineates T. clavipes into two species while the recursive 
partition delineates T. clavipes into three species.  
 
ABDG species delimitation results - initial partition 
 [1] fenestrata_GBA17451-14_SAFR  [6] plumipes_GBA15831-14_AUST 
 fenestrata_AUSPI296-14_SAFR  plumipes_GBCH7181-13_AUST 
 fenestrata_GBCH7186-13_SAFR  plumipes_GBCH7182-13_AUST 
   plumipes_GBMIN117428-17_AUST 
[2] sexpunctata_GBMIN116269-17_ARG   
  sexpunctata_GBMIN116272-17_ARG  [7] senegalensis_GBCH7180-13_SAFR 
 sexpunctata_GBMIN116252-17_BRA  senegalensis_AUSPI344-14_SAFR 
 sexpunctata_GBMIN116261-17_BRA  senegalensis_GBA17453-14_SAFR 
 sexpunctata_GBMIN116303-17_BRA   
   [8] komaci_GBA17452-14_SAFR 
 [3] clavata_GBA16309-14_CHI   
 clavata_GBCH7193-13_TW  [9] sumptuosa_GBA17823-14_YEM 
 clavata_GBA24390-15_USA   
 clavata_GBCH7192-13_CHI  [10] pilipes_GBA16765-14_INDON 
 clavata_GBA24391-15_USA  pilipes_GBMIN114575-17_IND 
 clavata_GBCH7191-13_JAP  pilipes_GBCH5872-13_AUST 
   pilipes_GBCH7183-13_TW 
 [4] inaurata_GBCH5828-13_MAU   
 inaurata_GBCH7185-13N_SAFR  [11] clavipes_00392719_PR 
 inaurata_RNOCF133-17_MAD  clavipes_00786870_MONA 
 inaurata_GBCH5838-13_MAYOTTE  clavipes_00001139A_SEUS 
 inaurata_GBA17318-14_MAD  clavipes_BBUSU1045-15_TEX 
 inaurata_GBCH5857-13_MAD  clavipes_00786904_MONA 
   clavipes_BBUSU617-15_FLO 
 [5] clavipes_MF476298_BRA  clavipes_BBUSU1043-15_TEX 
 clavipes_MF476308_BRA  clavipes_BBUSU564-15_FLO 
 clavipes_GBA16660-14_FG  clavipes_BBUSU1048-15_FLO 
 clavipes_MF476552_BRA  clavipes_00785163_HSP 
 clavipes_MF476272_BRA  clavipes_BBUSE1911-12_TEX 
 clavipes_MF476451_BRA  + specimens recovered as ''species [12]'' by the recursive 
ABGD partition (bellow) 
    
Recursive partition in ABGD recoveres additional Trichonephila species 
 [12] clavipes_MF476561_COL clavipes_MF476560_COL clavipes_MF476564_COL 
 clavipes_MF476562_COL clavipes_MF476563_COL  
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Annex S 
Chapter 3: Stepping stone analysis 
 
Stepping stone analyses were performed with Path Sampler from 
MODEL_SELECTION_1.4.1 expansion in BEAST2. We compared four parameter 
settings a) strict clock + yule tree prior, b) strict clock + coalescent constant population tree 
prior, c) relaxed clock + yule tree prior and d) relaxed clock + coalescent constant 
population tree prior. We set the chain length to 200 000 while we were increasing the 
number of steps in analysis from 8 (default) to 150, when we noticed a stabilization in 
marginal likelihood estimations, a signal of a sufficient number of steps. We left the other 
settings at their default values.  
 
Best: Strict clock with coalescent constant population tree prior 
marginal Likelihood estimate (MLE1) = -3082.0994920393855 
 
Second best: Relaxed clock with coalescent constant population tree prior 
marginal Likelihood estimate (MLE2) = -3095.5637923120557 
 
Bayes Factor (BF) test: 





























































































Agroeca ent no cur. yes 3.7 9.4 6.6 6.7 3.3 7.0 5.2 4.7 5.9 7.1 4.9 11.9 9.0 7.0 0 31 31 4 low 29 
Aphonopelma orto yes cur. no 30.0 74.0 52.0 45.0 35.0 47.0 41.0 13.0 46.5 40.0 5.6 21.3 13.7 15.7 0 93.4 93.4 2 high 61 
Argiope ent yes trap yes 9.9 25.5 17.7 16.6 4.0 8.3 6.2 5.3 11.9 22.5 5.0 18.4 12.3 13.4 31.8 22.7 54.5 5 high 88 
Atypus orto no trap yes 10.0 15.0 12.5 6.0 7.0 9.0 8.0 3.0 10.3 9.0 12.8 18.2 16.0 5.3 5.9 64.7 70.6 4 low 34 
Badumna ent yes trap yes 7.0 8.6 7.8 2.6 5.7 8.6 7.1 3.9 7.5 3.9 9.0 12.1 10.5 3.1 16.7 38.9 55.6 4 low 18 
Brachypelma orto no cur. no 44.3 70.0 57.1 26.7 52.5 70.0 61.3 18.5 59.2 18.5 2.0 18.8 12.9 16.8 0 83.3 83.3 2 low 18 
Cheiracanthium ent no cur. yes 5.4 15.0 10.2 10.6 3.2 12.0 7.6 9.8 8.9 12.8 5.4 14.5 10.9 9.1 18.9 41.5 60.4 5 high 212 
Cyclosa ent yes trap yes 3.2 8.0 5.6 5.8 3.2 4.8 4.0 2.6 4.8 5.8 7.6 19.7 16.0 12.2 18.4 33.3 51.7 5 high 174 
Cyrtocarenum orto no trap yes 25.0 25.0 25.0 1.0 25.0 25.0 25.0 1.0 25.0 1.0 12.1 12.1 12.1 0.0 0 50 50 2 low 2 
Dolomedes ent no cur. yes 9.0 22.0 15.5 14.0 9.0 16.0 12.5 8.0 14.0 14.0 2.0 8.3 5.6 6.4 33.7 33.7 67.3 5 high 104 
Dysdera hap yes cur. yes 5.8 14.0 9.9 9.2 4.2 12.0 8.1 8.8 9.0 10.8 9.6 22.9 19.2 13.3 21.6 52.7 74.2 5 high 283 
Eresus ent no cur. yes 8.0 21.0 14.5 14.0 6.0 11.0 8.5 6.0 11.5 16.0 5.2 12.6 10.0 7.4 14.3 38.1 52.4 4 low 21 
Ero ent no trap yes 2.3 4.8 3.5 3.6 1.8 3.0 2.4 2.2 3.0 4.0 3.6 22.7 17.3 19.1 20 50 70 5 high 40 
Evarcha ent no cur. yes 3.4 11.1 7.2 8.7 4.0 6.3 5.1 3.3 6.2 8.1 4.7 14.4 10.3 9.7 7 45.3 52.3 5 high 86 
Filistata hap no trap yes 6.4 14.0 10.2 8.7 5.4 6.4 5.9 2.0 8.0 9.6 13.8 13.8 13.8 0.0 30 40 70 5 low 20 
Ganthela orto no trap no 8.7 10.6 9.6 2.9 10.6 15.5 13.0 6.0 11.3 1.0 11.7 20.7 17.3 9.0 0 100 100 2 low 7 
Heptathela orto yes trap no 7.0 17.0 12.0 11.0 7.0 9.0 8.0 3.0 10.0 11.0 9.1 21.5 18.0 12.4 100 0 100 1 low 10 
Hyptiotes ent no trap yes 4.0 6.0 5.0 3.0 2.8 4.0 3.4 2.2 4.2 4.2 4.9 11.9 9.4 7.0 6.3 43.8 50 5 low 16 
Latrodectus ent yes trap yes 3.7 16.0 9.9 13.3 2.6 7.0 4.8 5.4 7.3 14.4 8.8 23.6 16.6 14.7 6.5 22.6 29 5 low 31 
Linyphia ent no trap yes 3.5 7.5 5.5 5.0 3.5 7.5 5.5 5.0 5.5 5.0 14.8 14.8 14.8 0.0 7.8 66.2 74 5 high 77 
Liphistius orto no trap no 7.5 22.8 15.2 16.3 9.0 23.3 16.2 15.3 15.7 14.8 22.4 27.0 24.6 4.6 1.8 96.4 98.2 2 high 55 
to be continued 
 























































































Macrothele orto no cur. no 28.2 14.4 21.3 14.8 34.7 26.8 30.8 8.9 26.0 21.3 13.6 23.3 18.3 9.7 24.1 55.2 79.3 5 low 29 
Marpissa ent yes cur. yes 4.7 14.0 9.4 10.3 3.6 9.0 6.3 6.4 7.8 11.4 11.2 14.7 13.0 3.5 5.8 57.7 63.5 5 high 52 
Micrommata ent yes cur. yes 9.0 16.6 12.8 8.6 6.7 10.0 8.4 4.3 10.6 10.9 3.5 16.0 9.7 12.5 0 42.9 42.9 5 low 7 
Nemesia orto no trap no 9.5 26.0 17.8 17.5 8.0 15.0 11.5 8.0 14.6 19.0 20.7 20.7 20.7 0.0 30 40 70 3 high 60 
Nurscia ent no trap no 6.6 11.0 8.8 5.4 10.0 11.0 10.5 2.0 9.7 2.0 13.0 13.0 13.0 0.0 0 0 0 4 low 4 
Parachtes hap no cur. yes 6.3 18.0 12.2 12.7 4.6 12.0 8.3 8.4 10.2 14.4 11.5 22.8 17.0 11.3 30.8 53.8 84.6 2 low 13 
Pirata ent no cur. yes 4.5 9.3 6.9 5.8 4.0 8.6 6.3 5.6 6.6 6.3 3.1 16.4 9.5 13.3 3.6 42.9 46.4 5 high 56 
Pisaura ent no cur. yes 7.6 15.0 11.3 8.4 7.4 13.0 10.2 6.6 10.8 8.6 3.6 10.0 7.3 6.4 15.4 23.1 38.5 3 low 13 
Poecilotheria orto no cur. no 49.3 62.3 55.8 14.0 36.9 45.0 41.0 9.1 48.4 26.4 3.5 17.2 11.6 13.7 33.3 46.7 80.0 2 low 15 
Psilochorus hap no trap yes 1.9 3.0 2.5 2.1 1.9 3.0 2.5 2.1 2.5 2.1 16.2 21.5 19.5 5.3 2.4 45.2 47.6 5 high 42 
Scytodes hap no cur. no 4.0 11.8 7.9 8.8 3.1 7.5 5.3 5.4 6.6 9.6 18.4 26.7 23.4 8.3 7.5 74.1 81.6 5 high 228 
Segestria hap no trap no 5.0 22.0 13.5 18.0 6.5 15.0 10.8 9.5 12.1 16.5 20.7 25.7 23.5 5.0 21.1 36.8 57.9 5 low 19 
Spermophora hap yes trap yes 2.1 2.1 2.1 1.0 1.1 1.1 1.1 1.0 1.6 2.0 11.5 24.6 20.4 13.0 34.8 45.7 80.4 5 high 46 
Stegodyphus ent no cur. yes 10.0 23.0 16.5 14.0 8.0 15.0 11.5 8.0 14.0 16.0 6.1 19.5 15.5 13.3 5 25 30 5 low 20 
Synema ent yes cur. yes 6.2 9.0 7.6 3.8 4.0 4.5 4.3 1.5 5.9 6.0 16.1 16.1 16.1 0.0 5.6 55.2 60.8 5 high 125 
Tegenaria ent no trap yes 3.6 20.0 11.8 17.4 4.2 20.0 12.1 16.8 12.0 16.8 8.1 22.9 17.3 14.9 3.8 59.4 63.2 5 high 106 
Tetragnatha ent no trap yes 4.5 14.1 9.3 10.6 3.5 9.0 6.3 6.5 7.8 11.6 8.9 24.2 17.3 15.3 36.4 30.7 67.0 5 high 349 
Thanatus ent no cur. yes 3.5 12.0 7.8 9.5 3.0 10.0 6.5 8.0 7.1 10.0 6.2 18.3 15.0 12.1 5.9 56.4 62.4 5 high 101 
Tibellus ent yes cur. yes 6.5 12.5 9.5 7.0 5.0 7.5 6.3 3.5 7.9 8.5 5.3 6.5 5.9 1.2 3.8 44.2 48.1 5 high 52 
Titanoeca ent no trap no 2.9 8.2 5.6 6.3 2.9 6.0 4.5 4.1 5.0 6.3 4.7 11.3 9.4 6.7 0 28.6 28.6 4 low 28 
Triaeris hap no cur. no 1.2 2.5 1.9 2.3 1.3 1.6 1.5 1.3 1.7 2.2 10.0 19.0 16.0 9.0 11.1 77.8 88.9 5 low 18 
Ummidia orto no trap yes 12.4 16.0 14.2 4.6 12.6 18.2 15.4 6.6 14.8 4.4 17.5 18.8 18.4 1.4 3.7 48.1 51.9 4 low 27 
Uroctea ent yes cur. yes 10.0 18.3 14.2 9.3 6.0 16.2 11.1 11.2 12.6 13.3 17.5 20.1 18.5 2.6 0 44.4 44.4 4 low 18 
Zoropsis ent no cur. no 9.0 19.0 14.0 11.0 7.3 13.0 10.2 6.7 12.1 12.7 6.0 14.0 10.0 8.0 0 56.3 56.3 5 low 16 
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Annex U  
Chapter 4: Data used in Multiple correspondence analysis 
 
Genus 





rank Geo Range 
Species 
richness 
Agroeca small little ent 4 low 
Aphonopelma big large orto 2 high 
Argiope small large ent 5 high 
Atypus big large orto 4 low 
Badumna big little ent 4 low 
Brachypelma big large orto 2 low 
Cheiracanthium small little ent 5 high 
Cyclosa small large ent 5 high 
Cyrtocarenum big little orto 2 low 
Dolomedes big little ent 5 high 
Dysdera small large hap 5 high 
Eresus big little ent 4 low 
Ero small large ent 5 high 
Evarcha small little ent 5 high 
Filistata big little hap 5 low 
Ganthela big large orto 2 low 
Heptathela big large orto 1 low 
Hyptiotes small little ent 5 low 
Latrodectus small large ent 5 low 
Linyphia small little ent 5 high 
Liphistius big large orto 2 high 
Macrothele big large orto 5 low 
Marpissa small little ent 5 high 
Micrommata big little ent 5 low 
Nemesia big large orto 3 high 
Nurscia big little ent 4 low 
Parachtes small large hap 2 low 
Pirata small little ent 5 high 
Pisaura big little ent 3 low 
Poecilotheria big little orto 2 low 
Psilochorus small large hap 5 high 
Scytodes small large hap 5 high 
Segestria big large hap 5 low 
Spermophora small large hap 5 high 
Stegodyphus big large ent 5 low 
Synema small little ent 5 high 
Tegenaria small large ent 5 high 
Tetragnatha small large ent 5 high 
Thanatus small large ent 5 high 
Tibellus small little ent 5 high 
Titanoeca small little ent 4 low 
Triaeris small large hap 5 low 
Ummidia big large orto 4 low 
Uroctea big large ent 4 low 
Zoropsis big little ent 5 low 
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Extra: Species level phylogeny of Tetragnathidae from the Caribbean 
 
